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FOREWORD

The research presented herein was part of alarger effort being conducted by the
Materids & Manufacturing Directorate, Ceramic Development and Materiad Behavior Branch,
a Wright- Patterson Air Force Base on the "Independent Testing and Verification of the
Mechanical Properties of Fibrous Monoliths'. Support for this work was provided under the
U.S. Department of Energy (DOE) Interagency Agreement No. DE-A102-96CH10871. This
DOE agreement was an outgrowth of the Defense Advanced Research Project Agency's
(DARPA) Advanced Ceramics Research Advanced Materids Partnership Program. The
overdl god of this DARPA Partnership Program was to trangtion the newly developed
processing technology used to fabricate fibrous monolithic ceramics into commercia application.
The role of the Air Force under this program was to provide an objective evauation of the
fibrous monalithic materials developed under the Advanced Materias Partnership Program with
afocus on the properties pertinent to aerospace gpplication. The materia examined herein was
provided by the main subcontractor to the program, Advanced Ceramic Research, Inc. (ACR)

of Tucson, Arizona
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CHAPTER 1

INTRODUCTION

Fibrous monolith (FM) ceramics are an innovative class of materids that possess
atractive quaities for aerogpace and other high temperature gpplications. This materid is
designed to possess enhanced toughness over conventional monolithic ceramics through the
addition of aweak interphase and is fabricated through cost-effective techniques. Fibrous
monoliths are textured ceramics that contain “cdls’ of a strong phase which are separated by a
week “cdll boundary” phase. A schemétic representation of the cell and cell boundary
structures of the FMs are shown in Figure 1.1. Coblenz" introduced the pioneering work on
FMsin apatent in 1988. FM processing technology was later developed at the University of
Michigen in the early 1990's”. Mature processes for commercia development of FMs were
then optimized by the University of Michigan and Advanced Ceramics Research, Inc. under a
DARPA Advanced Materias Processing initiative®.

The flexure behavior of FMsiswell documented by tests conducted at the Universty of
Michigan during the various stages of materia development. Results of those studies
qualitatively show that FMs exhibit "graceful" or non-catastrophic failure in bending®*8.
However, design for potentia aerospace gpplications will require avast knowledge of the
materia properties with repect to the processng and microstructure. Materia properties under
other loading conditions such as tenson, fatigue, and stress rupture will be required, and these

properties will need to be measured for arange of temperatures. Information about the materia



behavior in the presence of stress concentrators, Smilar to those in structura gpplications, at
attachment points or at service damaged areas will aso be required.

The cdl sze in the FM microstructure is dso expected to influence the fracture
resstance of fibrous monolith materids. When comparing two microgtructures with differing cell
gzesbut identica volume fractions of the congtituent phases, the material with the andler cdl
gze will, by necessity, contain more cells with thinner boundaries. See Figure 1.2 (a) and 1.2
(b) for schematic drawings that illustrate this concept using two different Szed circles. The
cirdlesshown in (a) are twice the Sze of those in (b) but represent equivaent area fractions.
The regions between the circlesin 1.2 (b) are thinner compared to 1.2 ().

Assuming that criticd flaws scde with some aspect of the microstructure, such asgrain
gzein ametd or monolithic ceramic, and fiber tow Size or weave architecture in acomposite,
one would expect to achieve better mechanical properties with afiner Sructure. By anaogy,
one might expect the filament diameter or bundle Sze to play adominant role in FMs.
However, the processing of finer filaments using the current FIM technology and standard
ceramic powders can lead to rheology and handling problems not encountered with larger
filaments. One manifetation of this are thin and/or discontinuous cdl boundaries that can result
from the fine orifices and multiple extrusons needed to produce FMs with finer filaments. Cell
boundaries that are too thin, or discontinuous, could adversely affect the toughness leading to a
cdl size threshold for toughness™® 1+ 141619,

The intent of this program was to quantify the advantages of fibrous monaliths over
monalithic ceramics, and to evauate the effect of cdl 9ze on the mechanicd performance. The

materid investigated was a SsN 4-BN fibrous monalithic ceramic aong with amonolithic or neat



SizN,4 ceramic. Two different microstructures of the SsN4,-BN FM materials were tested, one
with a 125 um cdl sze and one with 2250 um cdl sze. Mechanicd testing, nornt destructive
evaduation, and andysis were used to meet the objectives of the research. Fast fracture tensile
tests were performed on al test materids usng both unnotched and modified sngle-edge
notched specimens with various notch length-to-width ratios. Tests were performed either by
continuous loading to failure, or by cydlic loading. A comparison of the fracture behavior for the
different materias was made using work of fracture measurements and observations about the
damage progression through nondestructive evauation (NDE) techniques and microscopy.

NDE techniques employed include x-ray radiography, infrared therma imaging, c-scan
ultrasonics, and acoustic emission. Microscopic observations were also made on polished

sections to characterize the damage.
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Figure 1.1 Schematic representation of asingle filament coextruded fibrous monalith.
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Figure 1.2 Schematic of structures with identical fractions of circlesto total area. Thecirclesin
(a) aretwice as large asthose shown in (b). The area between the cirdesin (b) is thinner
compared to (a).



CHAPTER 2

LITERATURE REVIEW: FIBROUSMONOLITHS

Ceramics have long been recognized as a class of materias with widespread potentia
for high-temperature gpplications. Modern structurd ceramics combine the benefits of high
specific properties and corrosion resistance a temperature but suffer from low toughness.
Increased demands for performance improvements in aerospace gpplications and cost effective
solutions in commercid gpplications will require the use of ceramics and their derivatives.
Therefore, Sgnificant research has been directed at improving the toughness of ceramic

materids through dterations in materid processing and design of the microgtructure,

2.1 The Fibrous Monoalith Concept

The drive for better ceramic processing technology brought about a concept by Cook
and Gordor?® for a“fiber-less toughened" structural ceramic materia which exploited wesk
interfaces to control crack deflection in brittle systems. More recent work has been done based
on this concept by Coblenz* in 1988, who originated a method for fabricating a toughened,
pressure-less, sinter-able, fibrous materid, caled afibrous monalithic ceramic. Coblenz' made
fibers through conventiona powder techniques in which a cotton fiber was infiltrated with ALO3
and subsequently coated with TiO, durry. The fibers were then warm pressed into a ceramic
preform and dntered. A smilar gpproach to make a tough ceramic using alayered concept was
demonstrated by Clegg, et. a. ?* who coated SiC green sheets and used pressure-lesssintering

to make atough SC monoalith with high strength.



Most recently, Hallorar? of the University of Michigan, developed a processng
technique to fabricate a similar materia as wasintroduced by Coblenz'. A number of different
toughened materids with asimilar fibrous texture as Coblenz have been made using green fiber
extrusion techniques’. Thus the name "fibrous monolith ceramic" was adopted to refer to this
materia aswell.

Modern fibrous monoliths are best described as textured ceramics Snce they contain
"cells' of astrong phase which are separated by awesk "cdl boundary™” phase. The wesk
interface idedly dlows for enhanced toughness, by assorbing crack energy and redirecting the
crack path paralld to the reinforcing phase rather than through it > 8101718.22 A increasein
toughness is usudly made at the expense of strength and stiffness. Some examples of the cell
and cdll boundary materias that have been produced include SIC-BN, SIC-graphite, SsN4-

BN, ZrB,-BN, HfB,-BN, TiB,-BN, Al,O5-Ni, ALOs-Ni-2Cr, and Y-ZrO,-Ni>6 81018

2.2 Processing Fibrous Monaliths

Severd processing techniques have been developed a the University of Michigan to
fabricate fibrous monolith ceramics. Ceramic powder of the primary congtituent isfirst
compounded with athermoplastic polymer binder. The compounded mix is either dry-spun into
green fibers or compression molded into a cylindrica feedrod which is extruded to form agreen
fiber. The cdl boundary materid is goplied to the dry spun green fibers by dip-coatingina
durry”® 3. For the feedrod technique, a cladding of the cell boundary materid is applied to the

feedrods and both materials are then coextruded'® 12 1415 18,2223



The individua coated green filaments can then be laid-up in the desired architecture and
warm pressed into ablock. Alternatively, single coextruded filaments can be bundled together
and then re-extruded to form amulti-filament coextruded structure®. The schematic shown in
Figure 2.1 represents the multi-filament coextruded structure. The cdl bundles can be laid-up
into various architectures aswell. The warm pressed block undergoes a binder burnout process

and is dengfied via sntering or hot pressing.

2.3 Mechanica Properties of Fibrous Monaliths

Prdiminary sudies a the Univeraty of Michigan on mechanica properties of fibrous
monoliths have been performed™® 18192242 Thege studies were limited to flexure on the
most promising structural materia, SsN4- BN.. The effects of congtituent phase volume
fraction, interfacia properties, submillimeter structure morphology, test conditions, and cell
architecture, on the flexure behavior were investigated. Existing andytica models were used to
describe the behavior and to predict the flexure properties of these materids. In addition, a
limited study on the tendle, fatigue, and creep behavior was performed a Wright- Petterson Air
Force Base under a DARPA initiative,

2.3.1 Hexure Behavior

Fibrous monolith (FM) materids exhibit non-catastrophic falure in flexure™ 18192 A
typica |oad-displacement trace obtained for a unidirectiond fibrous monolith materid during
flexure testing in diplacement control exhibits linear-dadtic behavior until aninitid load drop,
with subsequent pesksin load continuing out to large displacements. Such behavior

demondtrates that fibrous monoaliths have the ability of continued |oad-bearing capability after



falureisinitiated. Falure of fibrous monoalithsin flexure can beinitiated by ether tengle stresses
or by shear stresses. The subsequent graceful failure of these materidsis dueto crack
deflection at the cdll/cdl boundary interfaces and shear delamination of the cdll boundaries.
These mechanisms depend on the fraction and structure of the congtituent phases (SsN4 and
BN), the test conditions, and the architecture of the materid.

2.3.1.1 Hexure Behavior as a Function of Cell Fraction

A study of the gpparent flexure strength of SsN4,-BN FM as afunction of cell fraction
showed that the strength was increased while the work of fracture was decreased with an
increased fraction of SkN4™. Thus, it was shown that the strength is dependent on the fraction
of the continuous phase in the uniaxid direction. The work of fracture, however, did not show a
linear trend with amounts of the weak BN phase. Instead, it was found to be greatest for the
materid congsting of 80% SN, - 20% BN due to a combination of substantia strength and
extensive crack deflection resuiting in high fracture resstance. Based on various studies® 2, it
was predicted that aratio of approximately 85% S;N,4 to 15% BN would provide for the
optimum baance of properties.

Studies have aso been conducted to look at the effect of additions of SN, to the BN
boundary phase**®%°. The studies showed that addition of S5N, to the BN interphase
increased the interfacia fracture strength of the materia, but decreased the extent of crack
deflection and ddlamination™. Specimens with pure BN in the interphase showed extensive
crack deflection and splintering and retained a Significant load following the initia load drop™®.
The specimens with up to 40% S;N4 by volume in the interphase exhibited adight increase in

drength, yet asmdler retained load after the initial load drop and limited crack deflections. The



specimens with the largest fraction of S5N4 in the interphase showed the highest strengths but
showed little or no crack deflection.

Those resuilts contradict the mode of He and Hutchinsor?® that predicts the conditions
for crack deflection at the interphase boundary. The basisfor their prediction isthe interfacid
fracture res stance and the dastic mismatch of the reinforcing and interphase materids. Kovar
et.al'® suggested that the discrepancy was due to crack deflection and propagation mechanisms
occurring within the BN materia and not at the SsN4-BN interface. Cracks were observed to
grow into the BN phase, and then be deflected numerous times within the interphase boundary,
while propagating parale to the cdls. Thus, the materid property which governs crack
deflection was found to be the fracture resstance of the BN both parallel and perpendicular to
the cell boundary. A lower bound vaue of fracture resistance measured for BN perpendicular
to the cell axis was approximately 120 Jnt compared to 30 ¥n¥ for the direction pardld to the
odl axis'®*°. That study by Kovar et. d.™ confirmed that the morphology of the BN on a
submillimeter scae can dso affect the extent of crack deflection and delamination cracking. The
observation that crack deflection was retained within the BN boundary isindicative of the
anisotropy in fracture resstance that exists as aresult of the BN morphology. The BN hasa
plate-like structure (Smilar to graphite) which idedly becomes digned pardld to the SsN4 cdls
during coextrusion and/or during hot pressng. When the (0001) basd planes of the BN grains
aredigned pardld to the cdl wal, the greatest fracture resstance isin the [0001] direction.
The degree to which this anisotropic structure forms is thought to be directly related to the

processing'® %" %,



It has dso been suggested that defects which form as aresult of processng can
influence the dignment of the BN platelets and can dter the fracture deflection capability of the
cell boundary phase'”*#?’. For example, rough or jagged SN, cdls, which are sometimes
produced when fabricating multi-filament coextruded materids, can skew the orientation of the
BN grains with respect to the cell. The flaws created by misalignment could allow a crack to
kink out of the boundary and into the reinforcing cells. The worst case would be when the cell
boundaries are thin or discontinuous. Thistype of defect can also be created due to flow
indabilities during extruson.

Another mgor feature of the submillimeter structure which affects the fracture res stance
and the crack deflection within the BN interphase is the presence of microcracks. TEM studies
by Trice and Hallorar?’ reveded that the BN posses extensive microcracks which separate the
(0001) basal planes of the BN platdetsinto layers. The occurrence of microcracking during
processng is attributed to the coefficient of therma expanson (CTE) anisotropy in the
directions paralel and perpendicular to the basal planes of the BN structure™®. The presence of
the microcracks are thought to alow for a propagation mechanism based on linkage of the pre-
existing cracks and subsequent cleaving of the basal oriented BN grains about the uncracked
ligaments”’.

The studies of Trice and Hallorar?” also showed that there exists an amorphous phase
within both the SsN4 cdlls and the BN cdll boundary brought about by the use of sintering aids
in the SN, during processing™ . The presence of the glassy phase effects the behavior by

acting to bridge cracks in the cell boundaries and producing atoughening effect.
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2.3.1.2 Hexure Behavior as a Function of Test Condition

Behavior of the SN 4-BN materiads can be influenced by the test conditions. In flexure,
the length between the loading pins of the testing apparatus compared to the thickness of the
gpecimen can affect theratio of tendle to shear stresses. In turn, thisratio dictates the failure as
being tensile or shear. This phenomenon was demongtrated by Popovich et. d.** for fibrous
monoliths. He showed that the failure mechanism changed from tensile to shear by changing
gpan depth of the loading pins for a uniaxid SC-graphite fibrous monolith materia, and showed
as0 showed that this change rardly occursin the SsN4-BN materias.

The test temperature aso has alarge influence on the failure initiation and propagation
mechanisms. Hilmas™ showed that the apparent flexura strength of auniaxia SN4-BN with
20% BN was maintained from room temperature to 1000°C, but fell by about 40% at 1200-C.
This observed drop in strength was attributed to the oxide sintering aids added to the S5N4
materid. During processing, an undesirable glassy phase formsin the grain boundaries, making
them ungable at the higher test temperatures. These tests a'so showed an inverse rdationship
for work of fracture with increasing temperature.

Trice and Halorar?? compared the behavior of auniaxiad SsN4-BN FM over the
temperature range from room temperature to 1400°C. The |oad-displacement behavior was
shown to be linear-elastic up to the first load drop at test temperatures up to 1300°C. Vaues
for work of fracture measured in this study were shown to increase dightly with increesing
temperature up to 1000°C, but then decreased again up to 1400-C. They determined that the
materia exhibits asmilar degree of crack deflection at 1000°C as seen for room temperature.

However, the delamination distances were longer at 1000°C than at room temperature. It was
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thought that softening of the oxide glassy phase present from the processing alowed for longer
crack extenson. It was aso observed that the fracture morphologies changed from tensile
dressinitiated to shear stressinitiated at 1100°C, as indicated by a change in compliance on the
load-displacement curves. It was suggested that the observed behavior resulted from a
decrease in strength of the BN at 1100-C.

2.3.1.3 Fexure Behavior as aFunction of Architecture

The cdl architecture in the S5N4-BN fibrous monolith materid has aso been shown to
effect the fracture characteristics. Popovich et. a. ™ showed that ardlationship exigtsin flexure
between strength and work of fracture with the amount of cell phase in the Oe direction in SsNy4-
BN FM's. They consdered materidswith auniaxia and abiaxia multi-filament structure as
well as materials with random chopped and woven mono-filaments. The woven materid had
20% cdlsin the 445 direction. Uniaxid materid was tested in both the 0> and 90 orientations.

The uniaxia materid tested in the O direction, paradld to the tensle surface, had the
highest strengths and largest work of fractures whereas the materia tested 90- off-axis was the
weakest and showed little fracture resstance. Strengths for the biaxial materid, the chopped
fiber, and the woven materid were gpproximately the same at an intermediate va ue between the
uniaxia on-axis and off-axis strengths. The work of fracture was greatest for the chopped fiber
materid and was approximately the same as for the on-axis uniaxid materid. The woven
materia had the lowest work of fracture, followed bythe uniaxid materid tested 90 off-axis.
The fracture resstance of the biaxia materid fel in-between the highest and lowest vaues. It
was concluded thet in flexure there is a pogitive relationship to the fraction of cells pardld to the

tenslle surface and the properties obtained.
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King"" dso demonstrated the influence of cdll architecture on the mechanica behavior of
SizN4-BN fibrous monoliths. He looked at uniaxid, biaxia, and severd cross-ply architecture
induding [+10], [0/460], and [0/+45/90] in bending. He tested uniaxid materid at various
angleswith respect to the tensile plane. The uniaxid materid tested on-axis had the highest
grength and modulus. At 10 off-axis, the results were smilar. Between angles of 10° and 45°
off-axis the drengths of the uniaxia materid dropped off rgpidly to a minimum vaue when
tested 90- off-axis.

The strength, modulus, and work of fracture for the various architectures reported by
King"" are shown in Table 2.1. This data show that the strength and work of fracture increases
asthefraction of pliesin the Oe direction isincreased. The exception is the angle ply materid

with cdlsin the +10e direction, which behaved amilarly to the uniaxia materid.

| Architecture | E,(GPa) | s (MPa) | WOF (3/m2) | PL (MPa) |

U”id"fo‘:;;io”a" 276+1 | 449+100 | 734041540
Crz’oifégl;" 198+2 | 33435 | 6390:030 | - 180
Angle-Ply - 262+2 | 434482 | 8290+1060

(x10°)
Qu?(sg;llzcét(;g)pic 205+2 | 345430 | 3200£440 | - 140
Qt(lgsl'i':gt/rgog')c 202+¢3 | 255422 | 3800+770 | -140

Table 2.1 Datareported by King'’ for SiN4-BN fibrous monolith materiasin flexure.

The uniaxiad materia tested by King' exhibited linear behavior until the first load drop,
followed by subsequent load pesks, out to large displacements associated with delamination

cracking and pull-out of fractured cells. The fracture associated with the first load drop was
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tensleinitiated cdl fracture. Fallure of the cdls occurs when the cdl boundary materid hasa
locdly high fracture resstance compared to the cell materiad. The continued load-carrying
capability shows that fallure of individua cells does not preclude failure of the entire tendle
surface as would be the case in monalithic or layered ceramics. Load transfer mechanisms
usualy described for fiber-reinforced composites™ > are presumably alowing for continued
load- carrying capability until the entire layer of cdlsfals. The cross-sectiond areaiisthen
reduced, but continued crack deflection, shear delamination, and globa load sharing dlow for
continued loading to large deflections until fallure of the remaining plies.

The materid with +10° plies showed smilar behavior and fracture characterigtics to the
uniaxia materia. The load-deflection curve was linear-elastic to the pesk load. At the peak
load, failure of the cell boundary along the tensile surface was initiated. Tensle falure of the cell
boundaries was shown to be typicd in materids with off-axis oriented cdlls on the tensile
surface. The strength of the ply is dictated by the strength of the rdatively weak BN interphase.
Failure of the specimen in this case occurred after extengve ddlamination cracking, resulting in
high vauesfor work of fracture.

The biaxid ([0/90]) materid exhibited dight non-linearity prior to the pesk load. Failure
initiation occurred at the cell boundary between 0° and 90° layers followed by ddamination
between the ply layers. The multi-directiond materids exhibited behavior close to that of the
biaxid materid. The materid with the [0/160] architecture exhibited an even greater degree of
non-lineerity before reaching the peak load. Fracture wasinitiated in the cell boundariesin the

60° plies below the tensile surface. Failure of the O° plies occurred through the cells at a 60°

agle
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The quas-isotropic materia with a [0/+45/90] architecture showed the most extreme
case of non-linegrity in the load-displacement trace. Like the [0/+60] materid, the failure was
found to have initiated a the BN boundary in the off-axis piles below and progressed dong a
line that was 45¢ to the axia direction. It was shown that when the materid is multi-directional,
having uniaxid and misaigned cells, tensile falure occurred by both cell boundary and cell
fracture. When the materid had cells oriented uniaxidly on the tensile surface, the fallure
initiated in the cell boundaries and the ply failure was precluded by cdll fracture dong aline
equd to the orientation of the cdlls below.

The nontlinear behavior in the multi-directiona fibrous monoliths measured by King'’
was attributed to microcracking and failure of the BN cdll boundaries in the off-axis plieswell
before falure of the uniaxidly digned plies. The quas-isotropic material showed a greater
extent of non-linearity asthereisagreater number of off-axis plies than for the biaxia and [0/
+60] architectures. In these materias, aswell asin the +10° materid, ardatively high work of
fracture was evident. It was suggested that the high fracture energies were possible, even with
the premature failure of the off-axis plies, due to frictiona diding mechanisms' ™%,

2.3.1.4 Modding Flexure Behavior of Fibrous Monoliths

Application of existing models to predict the properties and to describe the behavior of
the SN 4-BN fibrous monolith materia in flexure has been consdered. Work has been done to
predict the eastic properties of unidirectional materias, and to extend those predictionsto
arbitrary microstructures. In addition, there has been some focus on modeling the mechanisms
which govern energy absorption. So far no existing models accurately describe the dominant

mechaniams of falure which are thought to include delamination cracking and frictiona diding.
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King"" demonstrated the use of modified equations from laminate theory to predict the
eladtic properties of uniaxia SsN4-BN fibrous monolith materid in flexure. He used a*brick
modd” to cdculate the longitudina and transverse eastic moduli for the uniaxid materid. The
model treats the cross-section as agrid of squares which combines the dagtic eementsin series
and in pardld. The vaues predicted by this mode were compared with the vaues of modulus
measured experimentaly by an ultrasonic impulse-excitation technique. The values of E; and E;
were predicted within 3% of the experimenta vaue in each case. In addition, King applied the
Voigt and Reuss modds from laminate theory for the longitudina and transverse moduli. The
Voigt moded, or the rule-of-mixtures gpproach, o predicted the Y oung' s modulus within 3%
of the experimental values. The Reuss modd, in which uniform stressto dagtic dements are
connected in series only, underestimated the Y oung’s modulus but served as alower bound for
the transverse modulus.

Modified equations from laminate theory for prediction of Young's modulus asa
function of ply angle were gpplied for auniaxidly digned architecture aswell asfor multiaxid
architectures. The cdculationswereintermsof E;, E;, G2, and 12, the vaues of which were
predicted in the earlier described models. Results from the moduus predictions in terms of ply
angle and multiaxia architectures showed good agreement, within 2.5%, of the experimentdly
messured values shown in Teble 2.1.

The laminate theory models were taken a step further by King®” to predict the failure
behavior of the multidirectiona SsN4-BN fibrous monoliths. An upper bound caculation of the
flexura strength was made using the Maximum Stress fallure criterion assuming no lossin

modulus prior to the pesk load. The lower bound calculation used the same criterion but used
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an iterative procedure to eiminate plies that exceeded the stress established by the Maximum
Stress criteria. The apparent strength for the biaxid materid was predicted adequately by the
upper-bound technique. The results for the [0/+60] and the [0/+45/90] architectures were over
predicted by the upper bound technique by 25-30% and the lower bound technique under
predicted the gpparent flexura strengths by nearly the same amount. The discrepancies for the
quasi-isotropic materids, the [0/+60] and the [0/+45/90] architectures, were identified with the
assumptions made about the damage accumulation. The experimenta observations suggest that
for those two materids, alarge amount of microcracking in the off-axis layers occurs before the
peek load, and therefore was not modeled correctly in either treatment.

Other attempts to predict the fracture behavior of the SzN4-BN fibrous monolith
materids have been to describe the disspative mechanisms of fallure. The trestment of Folsom
et. d.*! which caculates the energy absorption due to cracking for laminates were gpplied to
fibrous monaliths. This approach incorporated the fracture energy of the reinforcement phase,
the interfacia fracture energy and the cracked area created. Cracksin both the cells and the
cdl boundaries were taken into consderation by adding their contributions.

Wce=W_ +W,
=GAL+GA™
where
W, = absorbed energy from cracking cells
W, = absorbed from cracking in the cell boundaries
@G = fracture resstance of the cdls
G = fracture resstance of the cdl boundaries

A =thecdl area
A = theinterfacid area

17



It was found using the cdll and interfacial fracture energy values measured by Kover et.d. ™ and
using the totd possible crack areafor atypica specimen size, the work of fracture predicted
was 30% to 35% |ess than that measured by King™.

Two main discrepancies were found with this gpproach. One discrepancy is the
implication that increasing the interfacid fracture res stlance will increase the energy absorption
capability. 1t was shown by Kovar et. a* that increasing the interfacia fracture of the BN
phase decreases the delamination crack length. It has been suggested that the behavior seen by
Kovar et. d.™ may be due to amechanism termed crack kinking'™®. Delamination cracks are
thought to kink out of the BN interphase into the cell phase if aflaw greater than acriticd Szeis
encountered in either. Anincreased interfacia fracture resstance in the BN could be
considered such aflaw.

The other discrepancy in using this goproach done wasthat it severely underestimated
the work of fracture. Kovar et. a.?® suggested that in addition to crack area creation, energy
absorption may also be due to thefrictiona diding. After falure initiation, continued crack
propagetion dictates that remaining plies dide relaive to one ancther. The energy dueto diding
is then dependent on the number of plies or cdls that are dipping, the distance dipped, and the
frictiona diding resstance for cracked cell boundaries.

Ws = nAits™ ?
where
W; = absorbed energy dueto frictiond diding
n = the number of cdl dipping
d= the distance dipped
ts= thefrictiond diding resstance for cracked cell boundaries

Using the assumption that the maximum number of cell boundaries are cracked, the results

indicated the energy dueto diding is Smilar to that due to the creation of crack area. Using the
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contribution (Tota energy = W¢ + Ws ) from both techniques, a more redlistic work of fracture
was predicted.
2.3.2 Tendle, Fatigue, and Creep Rupture Behavior

Knowledge of the behavior for the S;N4-BN fibrous monolith sysem is limited to
flexure. Possble gpplications pertinent to the Air Force will, however, require alarger
knowledge base of the mechanica properties of thismaterid. Limited Sudies of the tengle,
fatigue, and creep behavior of the S3N4-BN system have been performed by the Air Force and
by the main manufacturer of the materid, ACR Inc.

Stachler® performed alimited number of tests on several SaN,-BN materiasin tension,
fatigue and creep rupture. The materids tested included an uniaxid multi-filament, biaxia multi-
filament, and a [0/45/90/-45/0/45/90/-45/0/90] s quasi-isotropic mono-filament materid. Two
different uniaxiad multi-filament materials were tested; one fabricated with 1-1 mm strands for a
nomind cell 9ze of 50 pin, and the other with 2-1 mm strands for acdl sze of 125 pn. The
biaxid multi-filament material aso had 2-1 mm strands with 125 pin cells. The quas-isotropic
mono-filament had anomind cell sze of 150-200 um and had been hot-pressed at about half
the pressure used to consolidate the uniaxial and the biaxia materids. All of the materids were
manufactured to have a volume fraction of 85% SN, and 15% BN.

Fast fracture tensle tests were performed at room temperature and 1150°C. Fatigue
and creep rupture were performed at 1000-C and 1150-C. Nomina values reported by

Staehler® for the various materid's and test conditions are shown in Table 2.2.
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Test Type | Architecture |[Temp (C) s (MPa) | E (GPa) e (%) t (h) N
tension [0], 1-2 mm 23 354 275 0.13
tension [0], 2-2 mm 23 496 283 0.18
tension [0], 2-2 mm 23 493 289 0.17
tension [0], 2-1 mm 1150 346 247 0.15
tension | [0/90] 2-1 mm 23 151 213 0.1
tension | [0/90] 2-1 mm 23 123 227 0.06
tension | [0/90] 2-1 mm| 1150 82 188 0.08
tension | [0/90] 2-1 mm| 1150 101 172 0.06
tension [Q-1] 23 119 151 0.1
tension [Q-1 23 135 131 0.2
tension [Q-1 23 141 168 0.13
tension [Q-1 23 158 188 0.1
tension [Q- 1150 100 131 0.1
tension [Q- 1150 83 116 0.1
fat T-T [0], 2-1 1000 150 248-280 160
fat T-T [0], 2-1 1000 120 220-290 301,725
fat T-T [0], 2-1 1150 120 37,315
fat T-T [0/90], 2-1 1000 40 180,000
fat T-T [0/90], 2-1 1150 40 37,315
fat T-T [2-1] 1150 40 16,605
creep [0], 1-1 1000 150 210 100
creep [0], 2-1 1150 120 1.9
creep [0], 2-1 1150 130 49
creep [0/90], 2-1 1000 40 50
creep [0/90], 2-1 1150 40 19
creep [Q-1] 1150 40 9.7
creep [Q-1] 1150 60 2.08E-03
creep [Q-1] 1150 80 2.64E-03

Table 2.2 Datareported by Staehler® for various SaN-BN fibrous monolith materiadsin
tension, fatigue, and creep.

The fadt-fracture tension tests at room temperature in displacement control showed
linear behavior in both uniaxid materids. It was dso found that the materid with the larger
microgtructura features had a higher strength, by nearly 28%, over the materia with the smdler
features. Theincrease in modulus and drain a failure was not consdered Sgnificant. The
difference in properties between the two materials was attributed to alarge number of
microstructural defects found in the materid with the small cdlls. The defects found were
thought to be a direct result of the multi-filament coextrusion process and the anomalies that

arisetrying to process smdler cdl szes.
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The room temperature results for the materials with the different cdll architectures
showed that asthe fraction of S5N,4 inthe loading direction decreases, so doesthe strength. A
drop in strength by approximately 73% was measured for the biaxial materia's compared to the
uniaxid materia with the same nomind cell Sze. A ample correction for the fraction of cdlsin
the loading direction indicated that the loss in strength due to architecture should have only been
around 50%. Staehler® suggested that differences between measured and predicted can be
attributed, at least in part, to the presence of the cross-plies. Fliesin the loading direction can
become impinged and damaged due to the cross-plies during processing. The quasi-isotropic
materid was comprised of sngle-filaments. The average room temperature strength of this
material was around 138 MPa.

Strength data were obtained at 1150°C for only the multi-filament materias with the
larger cell Sze and for the quas-isotropic materid. When comparing the data to room
temperature, al materiads suffered about a 30% lossin strength.  Thisis compared to the 50%
lossin strength measured in flexure at the University of Michigan a 1100-C.

A limited number of fatigue and creep rupture tests were performed a 1000-C and
1150-C by Staehler® for the [0] and [0/90] materials and the quasi-isotropic materia. The
resultsindicated that 1000°C may be the upper-bound use temperature for optimum fatigue and
creep rupture properties for dl materidsinvestigated. At 1150°C these materids suffer from
creep, but remain fairly resstant to oxidation ingress. The resistance to oxidation was
documented by SEM inspection. Of the materids tested, the uniaxial materid showed the

greatest fatigue and creep resistance under the conditions tested.
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Advanced Ceramics Research™ has aso reported prdiminary tensle, fatigue and creep
rupture results for SsN4-BN in severd lay-ups. The dataare shownin Table2.3. ACR dso
showed that properties are dependent on the fraction of pliesin the Q- direction. The room
temperature tendle strengths of gpproximately 379 MPafor unidirectiond multi-filament materid
reported by ACR are on amilar to the vaues reported by Staehler for the material with the
gndler nomind cdl sze. Smilaly to Staehler, the biaxid strength isless than 50% of uniaxid
grength. The sngle filament quas-isotropic materia was reported as having aroom

temperature strength of 119 MPa.

FastRI;La:]ture Fast Fracture | Low Cycle Fatigue
Architecture Temperatrue s 1150 oC 1 Hz, 120 MPa, R=0.1
MPa [Ksi] s, MPa [ksi] 10000C
Quasi-isotropic
Single Filament 119 [17] 100 [14.5] n/a
Uniaxial 302,000 cycles (run
Multifilament 379155] na out)
Biaxial 150 [22] 82 [12] nia
Multifilament

Table 2.3 Datareported by ACR, Inc.® for various SN 4-BN fibrous monolith materiasin
tenson and fatigue.
At 1150-C, the biaxia materid suffered the largest lossin strength. This materid lost
45% while the quas-isotropic materia suffered a15% loss. Fatigue and creep data were only
measured at 1000-C on uniaxid materids. In fatigue the materid reached run-out at 120 MPa,
whilerun-out in creep was 150 MPa. Retained properties after creep testing showed the

materia suffered no lossin strength.
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2.4 Literature Review Summary

The need for tough ceramics has led to the development of a fiber-1ess textured ceramic
know as afibrous monolith. Fabrication of fibrous monolith materid conssts of traditiona
powder ceramic processes, relying heavily on coextrusion techniques and hot-pressing. Of the
materials which can be processed, the SsN4-BN system shows the greatest potentid for
sructurd gpplication. The mgority of the work done to characterize this materid’ s mechanica
behavior has been in flexure.

It was shown that the gpparent flexural strength was dependent on the fraction of SkN4
in the loading direction, whereas the energy absorbing capability rose with BN content to a
threshold near 20% BN by volume. The role of the structure and orientation of the BN
interphase was d o discussed in terms of the dissipative mechanisms of falure in this materid.

The test conditions such as specimen geometry and test temperature were shown to
effect the failure mode. The length to thickness of a flexure test gpecimen was shown to change
the falure initiation mechanism from tendle to shear. The goparent strength of the materid
decreased with temperature due to an amorphous phase that forms during processing as aresult
of additive gntering aids. This glassy phase was dso shown to effect the BN boundaries as an
gpparent change in failure mode from tendle to shear occurs above 1100-C.

The strength was shown to be dependent on the volume fraction of SN, cells oriented
aong theloading direction. The fallure mechanisms which drive the failure of the ply on the
tensle surface, and which dictate the subsequent crack deflection and delamination, change with

architecture. Failure can occur from tensile stresses by cdll fracture, by cell boundary fracture,
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by both cdll and boundary fracture, or dternatively by shear stresses. Tenslefallureinitiation
was observed on the surface of the specimen when the cell boundary materia had ahigh
fracture res stance relative to the cdll materia, the length to thickness ratio was high, or the test
temperature was low. Fallureinitiation due to shear at the midsection of the specimen was
observed when the boundary materid was comparatively weak, the length to thicknessratio
was low, or the test temperature was high.

Avallable laminate theory could be applied to the fibrous monolith materid to predict the
elagtic properties as afunction of ply angle. However, snce other mechanisms such as globd
load sharing and microcracking take place, modds from laminate theory which predict falure
strength and work of fracture did not readily apply. Other types of models thet account for
these and other failure mechanisms, such asfrictiond diding, might better gpproximate failure of
the fibrous monoaliths.

Limited prdiminary datain tenson, fatigue, and cregp show that properties are
dominated by the fraction of pliesin theloading direction. Tensle results reveded that there
may be affects of processing which dictate a cdll Sze and architecture effect. Elevated
temperature testing showed that no loss in durability when tested at 1000-C. However,
1150°C may be beyond the useful temperature range for this materid. Limitations at elevated
temperatures were presumably due to cregp mechanisms and not oxidation.

Review of the literature for SsN4-BN FMs shows a deficiency in the knowledge base
for behavior under tensile loading conditions. In addition, limited direct measurement has been
made to address cell sSze issues and little information has been gathered to study the materid

behavior in the presence of stress concentrations. Therefore, the sudy herein was proposed to
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address these issues through the use of mechanical, nondestructive testing, and existing
methods. The god was to quantify the mechanica behavior in terms of notch sengtivity, or
energy absorption cagpability, for materids with different call Szesand in the presence of

machined notches.
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“cdl bundles’

formed by
individud “cels’ multi-filament coextruson
size formed during
multi-filament coextrusion;
surrounded by
“cell boundaries’

Figure 2.1 Schematic representation of a multi-filament coextruded materid.

26



CHAPTER 3
TEST MATRIX, MATERIAL DESCRIPTION,

AND EXPERIMENTAL PROCEDURES

A description of the test matrix, the materias, and the experimentd procedures are
described in the following chapter. The first section defines the test matrix. The next section
describes the test materid's and the specimen geometry’ stested. The last section describes the

procedures used in performing both the destructive and non-destructive tests.

3.1 Test Matrix

The mechanica performance of two SN 4-BN fibrous monolith systems, one with a
cdl s9ze of 125 ppn and the other with acdl size of 250 pn, were compared to each other and
to monalithic SsN4. The mechanica behavior was evauated through fagt-fracture tensle testing
graght-sded, dogbone, and modified sngle-edge notched specimens of each of the materids.
Loading conditions including continuous loading to falure, load-unload, and cydlic loading. A
limited number of tests were dso run at elevated temperature. See Table 3.1 and the included
schematics for an overview of the test matrix and of the different loading conditions.

Fast-fracture tests were run continuoudy to failure on straight-sided and dogbone

specimensin order to obtain a base-line srength for the materids. The same loading
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Number of Specimens

Test Loading Specimen Fibrous Monolith Neat
Temp (°C) (0.001 mmis) Geometry 125 pm 250 pm SisN4
SS 4 4
DB 2 2 2
MSE(T) 3 2 2
lcontinuous a0/w =0.3
to failure
MSE(T) 1 1 1
23 a0/W =0.1
MSE(T) 1 1 -
a0/W =0.2
MSE(T) 1 1 1
a0/W = 0.5
%single
load- MSE(T) 4 4
unload a0/W = 0.3
3cyclic MSE(T) 1 1
a0/W = 0.3
1150 Icontinuous MSE(T) 1 1 1
a0/W = 0.3

Load

continuous

Load

Displacement
single load-unload

4 different specimens

Load

Table 3.1 Overview of the Test Matrix.
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conditions were used to test notched specimens at room temperature. The notched specimens
had one of four notch length-to-width ratios (a/W), 0.1, 0.2, 0.3, and 0.5. Different notch
lengths were used to observe notch sensitivity. A specimen with an a/W ratio of 0.3 from each
material was tested at 1150-C to look at temperature effects. In addition to the fast-fracture
tests, anumber of load-unload and cyclic fracture tests were performed at room temperature.
These tests were performed in conjunction with severa non-destructive evauation (NDE)
techniques including x-ray radiography, infrared imaging, ultrasonic ¢-scanning, and acoustic
emisson to determine the critica stages of damage evolution.

Results from testing the various ay/W ratios were used to quantify the notch sengtivity of
the material. The applicability of two different gpproaches to describe the notched behavior of
the materiads were consdered: a Linear-Elastic Fracture Mechanics (LEFM) approach, and a
net- section stress gpproach.  Ultimately, a comparison of the fracture behavior had to be made
using work of fracture measurements and observations of damage progresson made through
NDE and microscopic inspections. See Table 3.2 for an overview of the anadlysis outlined
above, showing the physical meaning of the terminology associated with the andyses and the

equations used.
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Notched Behavior in

Terms of Linear-Elastic

Fracture Mechanics
(LEFM)

t

Crack-Mouth Opening
Displacement

—» Load
—

Where,

Effective Stress
Intensity Factor, K

Ko ® s Opa, * F(a,/W)

(CMOD) CMOD
Total Work
o Load-Point Displacement of Fracture, WOF-
Fracture Behavior in (LPD)

Terms _of Energy ¢ ¢ Load WOF = Area, /Cross-
Absorption or WOF | <4—] —> Area sectional area
k of Fracture) < > : ; i

(Wor <« | —> (elastic + “plastic”)
LPD
Work of Fracture,WOF
Load

WOF =Area,_,/Cross-
sectional area
(“plastic” only)

LPD

Table3.2 Overview of the analyss.
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3.2 Materid Description

The materids tested in this study included a SsN4-BN fibrous monalith sysem and a
monolithic SN, material. Two different microstructures of the S;N,-BN were tested, each
with amulti-filament coextruded structure. Both fibrous monolith materials had the same cell
bundle volume fraction, bulk dengity, and cell architecture. All test materials were produced by
Advanced Ceramics Research, Inc. (ACR), Tucson Arizona, using multi-filament coextrusion
techniques.

3.2.1 Fibrous Monalith Material

Ten 114 mm x 76 mm (4.5"x3") plates of S;N4-BN fibrous monolith materia were
produced using multi-filament coextrusion techniques for this study. Five plates were
manufactured to have individud cell szes of 125 pn within 1 mm cdl bundles and the other five
were made with 250 pin cdlswithin 2 mm cdl bundles The cedll bundles are formed because of
the coextrusion process. The coextruson processing steps are illustrated in Figure 3.1 which
include: 1) ceramic/polymer preparation, 2) feedrod formation, 3) coextrusion, 4) green body
structure formation and compaction, 5) binder removal, and 6) densification*”%.  Initid
coextrusion of the feed rod was through a spinneret of 2 mm diameter. The resulting filaments
were bundled together and co-extruded a second time to form multi-filament bundles. The 125
nin and 250 pin cells were formed this second extrusion usng 1 mm and 2 mm spinnerets,
respectively.

Sintering aids were used in fabrication to ad in consolidation. These Sntering aids were
approximately 6 wt% Y,03; and 2 wt% Al,O3. Thetarget SN, to BN ratio for both materids

was 85% to 15%.
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The FM lay-ups were formed by stacking sheets of uniaxidly digned multi-filament
grands. Thefiner cdled materid originaly supplied by ACR had 16 sheets stacked in a [0/0/-
45/0/+45/-45/0/+45] s sequence with an as-fabricated thickness of approximately 7.6 mm
(0.3"). The materid with the larger filaments had 8 sheets stacked in a [0/-45/0/+45]s
sequence and was 6.5 mm thick.

Since the materiads were not fabricated with identical multi-filament lay-ups and had
thickness' that were too large to test, each was machined such that the resultant lay-up was[-
45/0/+45]s. In machining the plates with the 125 in cells, more materiad was removed from
one surface than from the other. The micrograph in Figure 3.2 (a) shows a cross section from a
plate of the finer microstructure with more plies removed on one surface. Figure 3.2 (b) shows
how the machining on the plates of materia with the larger cells was symmetric.

Both microgtructures were found to contain anomind 75 vol.% of cdlsand a 25 vol.%
of cell boundaries. Each had an average bulk densty pycnometry reading of 3.06 g/cc. The
plates with the fine cdlls were machined down to approximatdy 2.9 mm thick and the plates
with the large cells were gpproximately 4.3 mm thick, both with the [-45/0/+45]s cell bundle
architecture as described above.

Optica ingpection of the as-recaived fibrous monolith materias found a number of
microstructural abnormalities that were presumably caused during processing. Looking pardld
to the tendle direction asin Figures 3.2 (a) and 3.2 (b), the 45° cdllsimpinge upon the 0° plies.
In turn, this displaces the 0° cell bundles and causes the displaced materia to form points

between the 45° bundles.
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The cdl bundlesin the 45° plies can become distorted as well. Distorted cell bundles
may be aresult of dignment and impingement of the 0° and 45° plies. Kinksaso forminthe0°
plies during the extrusion process. Other types of defects observed, which were aso a direct
result of the multi-filament coextrusion processng, include jagged cell edges and inconsistent cdll
Szeswithin the cell bundles

All the defects described above are shown in the micrographsin Figures 3.3 (a), (b),
and (¢). Figure 3.3 (9) illustrates the impinged, distorted, and kinked cells as described above.
This figure dso shows how the multi-filament coextrusion process can produce variaionsin the
individud cell sze contained within abundle. Figure 3.3 (b) shows rough or jagged cdls formed
within the cdl boundaries due to the multi-filament coextrusion processng. Rough or jagged cdll
surfaces are thought to adversely affect the orientation and the properties of the BN interphase
dructure. The micrograph in Figure 3.3 (¢) shows a crack within the BN interphase which
exemplifies how the jagged cells can effect the orientation of the BN structure.

3.2.2 Monolithic SsN4

Two 114 mm x 76 mm plates of the monolithic SsN, materia were processed for this
sudy using identical powder stock, sintering aids, and processing steps as was used to fabricate
the fibrous monolith materid. The only difference in the processing was the absence of the BN
cladding. 1t was desired to have neat material that was processed in the same manner asthe
FMsfor direct comparison. Therefore, feedrods of the SN, were formed and extruded into
SizsN,4 strands. The strands were then made into laminate sheet, laid-up uniaxidly, and then
consolidated the same as for the FMs. The average pycnometer bulk density measured for the

neat materials was 3.31 g/cc.
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3.2.3 Machining Layout

Each FM plate was machined into four straight-sided specimens; three of which were
19 mm (3/4”) wide for notched fracture testing while the fourth was 12.5 mm (1/2") wide for
tensleteding. The machining lay-out for the specimensis shown in Figure 3.4. In each case,
the 12.5 mm tendle specimen was machined from the interior of the plate to avoid any possible
edge effects. The machining lay-out for the SN, materid wasidentica to that for the fibrous
monolith material, except that the tensile specimens had a dogbone geometry. Specimens were
machined from the plates usng adiamond saw blade. Find grinding of the soecimen surfaces
was done using a 320 grit whed at aremovd rate of 0.05 mils per pass.

Tengle specimens were machined from the plate interior because dl of the plates
appeared to have edge defects formed during hot-pressing. The defects were evidenced
visudly by awhite resduein the materid within aregion around the edge of the plates. Figure
3.5 (a) is aphotograph taken of an as-received plate showing the region of affected materid.

King"" showed that materid in the outer edge of the plate typicaly contains asignificant
amount of a-SC in addition to the b-SisN, and BN. Theinterior material was not shown to
contain SC but was found to contain b-SisN4 and non-transformed a - SisN 4 in addition to the
BN. He suggested that this was caused by a significant thermd gradient across the hillets during
hot-pressing. The outer edges were hotter and caused a reaction with the graphite dies whereas
the center was cooler. Within the region of affected materid a the edge, filaments can become
diolaced from dignment with the pliesin the interior. It is suggested that these displaced and
distorted ply ends result from a combination of extreme heet a the edge during hot pressing and

flow of the materid asit fillsin ggps a the edges that occurred during the lay-up process. Figure
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3.5 (b) isamicrograph of the cross-section of materid at the edge of a plate showing the
displaced and distorted cdlls.

The presence of edge defects were not as critica for the fracture specimenssince a
angle-edge notch was machined into these specimens on the plate-edge-sde, and the machined
notch extended well beyond the distorted edge region. Thefailure initiation point was then
expected to be dominated by the stress concentration due to the notch and not the plate defects
a the edges. Refer to Figure 3.4 for the illudtration of the orientation of the notches with respect
to the plate edges. The notch lengths were longer than the zone that contained the edge defects.
See the photograph in the Figure 3.6 for an example of a specimen with a single edge notch of a

length equivaent to a/W = 0.3.

3.3 Experimental Procedures

3.3.1 Tension Test Procedures

Tengon tests on the 12.5 mm sraight-sded fibrous monolith specimens and on the
monoalithic SsN 4 dogbone specimens provided base-line properties for these materids, namely
elastic modulus, strength, and work of fracture, and plate to plate variability. The base-line
moduli were utilized as a reference check during the fracture testing.

3.3.1.1 Specimen Geometry

In addition to the straight-sided tensile specimens, two dogbone specimens from each
microstructure of the fibrous monolith materid were tested to look at geometry effects. The
fibrous monoalith dogbone specimens were machined from fracture specimens, had a gage width

of 12.5 mm, and had a 30% reduction from tab width to gage width. The monolithic SsN4
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tensile specimens had a dogbone geometry with a 30% reduction from tab width to gage width
aswdl. The gage width for these specimenswas 6 mm. Figures 3.7 (a), 3.7(b), and 3.7 (¢),
show schematics of the repective test specimens for the fibrous monolith and neat materids
adong with their dimensions. The schematic of the straight-sided specimen includes the fiberglass
tabs used for gripping. The use of the fiberglass tabs is discussed in section 3.3.1.3.

3.3.1.2 Testing Apparatus

The gpparatus used for tensile testing included aM TS vertical servo-hydraulic test
machine, a data acquisition computer, and a clip gage extensometer. The test system was
equipped with wedge grips fitted with serrated grip inserts. Use of both DC and AC controllers
alowed for teststo be conducted in load, strain, or stroke control. Specialized software was
used to command the controllers to run the test and to acquire data through a 12- bit digitizer.
See Figure 3.8 for a photograph the test frame with the wedge grips and wedge inserts. A
cdibrated clip gage extensometer was used to measure strain.

Tengle gpecimens of the neat S3N, materid were tested on asimilar MTS servo-
hydraulic test system with a horizontd load frame and rigid clamping grips. See Figure 3.9 for a
schematic representation of the horizontal load frame. Rigid clamping grips dlow for ahigher
degree of dignment, which was desrable in testing the brittle monolithic materid. These tests
were dso run using the same system software and the data in this case were collected through a
16-bit digitizer. A clip gage type extensometer was used for strain measurement.

3.3.1.3 General Procedures

" MTSisaregistered trademark of the MTS Corporation
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The fibrous monoalith tensile specimens were prepared for testing by adhering fiberglass
tabs at each end.. The use of tabbed specimensin the wedge grips for tensile testing the fibrous
monolith materid minimized the stress concentration imparted by the grips on the Sraight-sided
geometry. All tests, including the nest materid, were run a room temperature and with a
congtant stroke rate of 0.001 mm/s.

3.3.2 Fracture Test Procedures

Fracture testing of both fibrous monolith materids and neat SgN, materid was
performed using the horizontal load frame with rigid damping grips. Tests were run
continuoudly to failure (fast fracture), in asingle load-unload regime, or with cyclic loading a
room temperature usng modified Sngle edge-notched specimens. The specimens tested had
one of four notch length to width (ay/W) ratios; 0.1, 0.2, 0.3, or 0.5. The load-unload and
cyclic fracture tests were performed on specimens with an a/W ratio of 0.3 and were used in
conjunction with severd non-destructive eva uation techniques to study damage progression.
Additiona fracture tests were performed on each materid at 1150 with an a/W ratio of 0.3.

3.3.2.1 Specimen Geometry

The modified sngle-edge notched MSE(T) specimen geometry is described by the
height (H) or the distance between the grips, the width (W), and the initid notch length (a). All
of the specimens tested were 19 mm wide and were tested with a H/W ratio of 4.3. The
mgority of the specimens tested had an a/W ratio of 0.3, however, specimens with ratios of
0.1, 0.2, and 0.5 were tested aswell. See Figure 3.10 for a schematic representation of the

MSE(T) specimen.
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Each notch was machined using atable saw. The table saw has a stage with motorized
travel in the x-direction and manud travd in the y-direction. The specimens were prepared for
machining by sandwiching them between two pieces of fiberglass to protect them from burring.
Each specimen was leveled and digned perpendicular to the blade using adid indicator. The
cut was made using a high concentration diamond blade that was gpproximately 0.15 mm
(0.006”) thick. The notch was made by removing 0.0254 mm (0.001") per pass. The
dimensions of the notches made using this procedure were al within 2% of the target length and
were no more than one half of the notch width out-of plane.

3.3.2.2 Testing Apparatus

Two different extensometers were used during each fracture test. One extensometer
was used to measure the crack-mouth opening displacement (CMOD) while the other
measured displacement at the points of loading. Severd different types of extensometers,
induding a high-temperature style dumina rod extensometer and various clip gage types were
used to measure the CMOD on different tests. In generd, the clip gage extensometers were
preferred to measure CMOD as they have higher resolution and are capable of better
repeatability. A high-temperature style extensometer with bent quartz rods specificaly designed
for these tests measured the load- point displacement (LPD). A photograph of the modified
extensometer used for load-point digplacement measurement is shown in Figure 3.11. The
data, including the load, stroke, CMOD displacement, and the load-point digplacement, were
collected by the computer. Both filtered and unfiltered data were collected and stored. A

photograph of the room temperature test set-up is shown in Figure 3.12. The photo showsthe
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specimen ingrumented with a high-temperature extensometer for CMOD measurement and the
bent rod extensometer for load- point digplacement measurement.

For elevated temperature testing, an induction heated furnace system was added to the
test frame. A photograph of the elevated temperature test set-up is shown in Figure 3.13.

3.3.2.3 Generd Procedures

Prior to fracture testing, a series of modulus checks on each specimen were performed
to verify that the MSE(T) specimens were aligned. A specimen was considered to be digned
when the eagtic modulus was within 10% of the Y oung's modulus for the materid. Before
machining the notches, each specimen was loaded and unloaded a number of times under very
small loads (loads equal to astress of 5 MPa). An average modulus was determined for each
gpecimen from the stress versus strain data acquired in the un-notched condition. Once each
gpecimen was notched, it was cycled to the same low net section loads. The unloading data
from each cycle was used to obtain an average compliance and modulus using linear-eagtic
relaionships. Those equations used are as follows:

C=d/P (experimentd)
C = 2Gay/EBW (theoretica)

where

C = compliance

d = the crack mouth opening displacement (CMOD)

P=load

G = dadtic energy release rate

& = initid notch length

E = dadtic modulus

B = specimen thickness
W = specimen width
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The modulus was determined when the theoreticd vaue of compliance was equd to the
experimenta vaue measured. The congtants used to calculate G for the MSE(T) specimen
geometry with clamped ends were developed by John and Rigling®™. The modulus results were
then compared with the average Y oung's modulus obtained from the pre-notched and tensile
specimens.

Fracture tests specimens were not only instrumented with two extensometers, but were
a0 ingrumented with two strain gages and two acoustic emission transducersto aid in
identifying critica loads that result in damage progresson.  One strain gage was added on elther
dde of the notch. For referencein later discussions of the data, the strain gage that was
positioned on the load cdll sde of the specimen notch (the right -side of the specimen notch as
shown in dl subsequent photographs) is referred to as strain gage number 1. The strain gage
that was positioned on the actuator side of the specimen notch (the left-sde of the specimen
notch as shown in subsequent photographs) is referred to as strain gage number 2. The gages
were offset from the notch by gpproximately one to two millimeters with the center of each gage
level with the notch tip. See Figure 3.14 for a photograph of the strain gage set-up. The
pogition of the AE transducersis discussed in section 3.3.3.4.

A triangular waveform profiler was used to produce an actuator displacement rate of
0.001 mm/sin sroke control. For the tests run continuoudly to failure, only haf of the triangular
waveform was used. The single load-unload tests utilized the entire waveform. Filtered data

recorded from each test included; load, CMOD, load-point displacement, and stroke.

40



3.3.3 Non-Dedtructive Evauation Procedures

Non-destructive evauation (NDE) techniques were utilized to characterize the fibrous
monolith materid without dtering its structure or properties. Details surrounding the use of and
the techniques associated with non-destructive evauation are given esewhere®. Dueto the
potentid ingght NDE may provide in characterizing the damage progression of the fibrous
monoalithic materia, a number of NDE techniques were implemented before, during, and after
fracture testing.

Severd different NDE techniques were consdered for damage evauation of the fibrous
monolith materid. Techniques used include visud ingpection, x-ray radiography, infrared
thermd diffusivity imaging (or thermography), ultrasonic ¢-scanning, and acoustic emisson
detection. Each of the techniques performed are suited for detection of specific types of
anomdies usng different physicd principles. It was proposed that the different techniques used
in combination with one another would then provide a comprehensive evauation of the
condition of the fibrous monolith materid.

Visual ingpection with the ad of low magnification (<32x) was used in the case of eech
gpecimen to identify gross surface changes. X-ray radiography was used to identify through-
the-thickness type cracks with high resolution. Thermography and ultrasonic c-scanning were
used to detect interlaminar type cracks found to occur in the fibrous monolith materid. Acoustic
emisson detection was to identify stresslevels critica to damage progression as well as location
of damage. Since none of these techniques had been performed on fibrous monolith materia
before, the find step in the overal characterization of the materid wasto verify the NDE results

by sectioning, polishing, and ingpecting suspected damaged regions under magnification.
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3.3.3.1 X-ray Radiography

The system used to obtain x-ray radiographsis located a Wright- Patterson Air Force
base, Ohio and is a Philips minifocus x-ray tube that is rated for 160 kVp (kilo-volt potentid)
and 25 mA. Thefocd spot size of the beam for this tubeis 0.4 mm which isrdated to the
resolution of the system. Energies used to ingpect the FM and the neat materid were 60 to 80
KeV with 5 mA current. Kodak type M high resolution film was the senang material employed.
The distance between the x-ray source and the film was gpproximately 40 inches. To obtain the
images, the test materias were placed flat directly on the film which produced a 1:1 image.
Exposure time required to obtain the image was approximately one to two minutes. A contact
print or posditive was made from the film for viewing. A schematic representation of the x-ray
system used in this study is shown in Figure 3.16.

X-ray radiography was used in this study to identify as-processed anomalies prior to
testing. The FM and nesat test materials in the as-received plate form were ingpected viathis
technique. Figures 3.16 (a) and 3.16 (b) contain radiographic images from representative plates
of the FM and neat materids, respectively. All of the FM plates were shown to contain a
ggnificant amount of irregular dark features which can be seen in Figure 3.16 (). The defects
are areas of high density compared to the surrounding materid. Microscopic investigation
performed on the test materid discussed earlier showed that the materid contains anumber of
defects, some of which can be described as skewed cell bundles or kinked bundles. Skewed
cdl bundles, presumably caused during hot pressing due to dignment and impingement of the 0°

and 45° plies, dlowsfor achange in the x-ray attenuation. The exact mechaniam that dlows for

42



these denser strips to appear so clearly on the x-ray has not been identified. The radiograph of
the neat materid showsit to be uniformly dense except around the edges.

In addition to using x-ray radiography for as-received materid, the technique was used
to detect through-the-thickness type cracks that developed during mechanica testing.
Radiographs were obtained on al MSE(T) specimens both before and after continuous fracture
testing and load-unload testing.

3.3.3.2 Infrared Thermd Imaging

Infrared therma imaging was performed at Argonne Nationa Laboratory in Argonne,
[llinois. The therma imaging gpparatus is comprised of aflash lamp system, an infrared camera,
and a computer for data acquisition and processing. More information on this system can be
found elsewhere®. The flash lamp system uses two standard photographic xenon flash-lampsto
generate the thermd pulse. Theinfrared sensing camerawas a Gdileo modd IR video camera
made by the Amber Engineering Company. The IR camera uses afocd plane array of InSb
detectors capable of 256 x 256 pixds. The cameraisinterfaced with afunction generator and a
dud timing trigger. A digitd frame grabber acquiresimages from the camera, and these images
are further processed on the computer. See Figure 3.17 for a schematic drawing of the rapid
infrared therma imaging apparatus used a Argonne™®.

Rapid infrared therma imaging was employed to document the damage induced from
the load-unload testing. This technique better lends itsdlf to the detection of interlaminar defects
than does the radiography technique. Only the MSE(T) specimens with an ay/W ratio of 0.3

were inspected viathis technique. Specimens were ingpected both before and after testing.
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All of the fibrous monolith specimens that were tested via the load- unload procedures,
and designated specimens tested continuoudy to fallure, were sent to Argonne Labs to undergo
therma imaging. The MSE(T) specimens that were cydicdly loaded underwent therma imaging
before tegting to obtain areference therma diffusivity vaue and heet flow pattern. Following
testing, the specimens were sent back to be evauated by both the therma imaging and by time
domain techniques. Designated specimens with an ay/W ratio of 0.3 that were tested
continuoudly to failure were aso ingpected by these methods following mechanicd testing. An
average pre-test diffusvity from the cyclicadly loaded specimens were used as areference for dl
post processing and andysis.

3.3.3.3 Ultrasonic C-scanning

Reflector plate type ¢-scan images were obtained using immergon scanning equi pment
a the University of Dayton Research Indtitute. The mgor components of the scanning system
include alarge open water tank, a motorized x-y scanner with amanual z control, a broadband
ultrasonic transducer, a JISR-PR35 sgnal pulser/receiver, and a computer equipped with
SONI X5 operating and data acquisition software. See Figure 3.18 for a schematic illustration
of the utrasonic scanning system. The transducer used was a KB Aerotech 10 MHz focused
transducer, which had a 12.5 mm diameter and a
75 mm foca length. The scanning step Sze of the transducer or correspondingly the image pixe
Szewas set to be 0.25 mm.

Reflector plate type ultrasonic c-scans were dso obtained for interlaminar delaminations
detection. Before scanning the fibrous monolith specimens, a cdlibration of the system was

performed using a reference block according to standardsin the literature®. Cdibration, in this
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case, refers to the method of setting and documenting the gain of the system so a scan can be
reproduced or compared to others.

Only the MSE(T) specimens which had undergone testing were scanned and therefore
no pre-test scan was obtained for comparison. The ¢-scanning technique was only consdered
for usein this sudy after the therma imaging technique was shown to lack in resolution needed
to detect evolving damage in the fibrous monolith materids. Although it was known to have
better resolution, immersion ultrasonic ¢-scanning was not originally proposed in the
experimental plan since extended periods of exposure to water has been shown to degrade the
mechanicd properties of materids containing boron nitride.

3.3.3.4 Acoustic Emisson Inspection

The equipment used to obtain the acoudtic emission information was from the Digitd
Wave Corporation. The main components of the system included: two broadband contact
transducers, two broadband preamplifiers, asigna conditioner, and asignal analys's processor.
The transducers were set on the fibrous monolith test specimens gpproximately 70 mm apart,
centered about the middle of the specimen. A schematic in Figure 3.19 illugtrates the
components of the AE test system. The transducers were held in contact with the specimen
during the test by using vacuum grease and spring clips. Data acquigition and find anaysswas
performed using a computer equipped with Digitd Wave' s Fracture Wave Detector (FWD)
software. Parametric information for load and crack-mouth opening displacement in volts was
a0 obtained by the signd andysi's processor through a connection to the M TS controller.

Acoustic emisson (AE) detection methods were used to identify stressleves critica to

the damage initiation and evolution in the fibrous monolith materia during fracturetesting. AE
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data from specimens tested to failure were used to determine appropriate unload points for the
gngle load-unload tegting. In addition to providing a relaionship with stresss CMOD
information, the information obtained from the AE was used to provide another source for
damage location identification. Thisinformation was compared to the output obtained from the
other NDE techniques on the same single load- unload specimens.

Before running each fracture test, the sound wave velocity in the materiad was
determined for use in the source location detection. The velocity was found by conducting a
“lead-bresk” test. Thetime of flight associated with bresking a pencil lead on the specimenin
front of each transducer was used aong with the distance between the transducers to obtain
velocity.

The data from the fracture tests dong with the velocity of sound estimation were
reduced through the FWD software which uses cross- correlation techniques for source location
detection. The output from the source location module was given in terms of event number,
time, location, and parametrics. The location data were then made into a histogram and plotted
aong the length of the specimen. The parametrics data were converted from voltage to load

and CMOD and plotted against the data obtained from the CMOD extensometer.
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Fgure 3.1 Schemtic illustrations showing processing route to fabricate fibrous monolithsusing
coextrusion methods™.
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Figure 3.2 (8) Micrograph at 16x of SN 4-BN fibrous monalith [-45/0/+45]s
with 125um cdls (2- 1 mm multi-filament strands).

Figure 3.2 (b) Micrograph at 16x of SsN4-BN fibrous monolith [-45/0/+45]s
with 250um cdls (2-2 mm multi-filament strands).
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Figure 3.3 (8) Micrograph at 16x of SN 4-BN fibrous monolith showing a number of different
processing defects.
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Jagged cdll
perimeters

Figure 3.3 (b) Micrograph at 320x of SN 4-BN fibrous monolith showing the jagged perimeter
formed on theindividua cdlls during multi-filament coextrusion.
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Figure 3.3 (c) Micrograph at 2k x of SN 4-BN fibrous monalith showing the jagged perimeter
formed on the individua cells during multi-filament coextrusion.
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Fgure 3.4 Schematic of the machining lay-out for each of the SsN,-BN FM plates.
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114 mm

@ surface shown
below

Figure 3.5 (a) Photograph of the plate materia illustrating the edge defects from processng.

(b)

Figure 3.5 (b) Micrograph at 10x of S5N4-BN fibrous monolith showing the microgtructurd
defects created at the edge of the plate during hot- pressing.
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Figure 3.6 Photograph of a specimen which came from the edge of a plate, the notch was
machined on the edge which corresponded to the plate edge. The notch extends beyond the
edge defects which can be identified visudly.
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Figure 3.7 (8) Schematic drawing of a straight-sided Si;N4,-BN FM tensle specimen with
fiberglass tabs. (b) Schematic drawing of a dogbone S;N4-BN FM tensile specimen. ()
Schematic drawing of aneat SN, dogbone tensgle specimen in showing the dimensions tested.
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Fgure 3.8 Photograph of the wedge grips used to test the straight-sided Si;N4-BN fibrous
monolith specimens.
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Figure 3.9 Schematic representation of the horizontal servo-hydraulic test system used for
tensle testing the neat S;N, materid as wdll asfor dl notched fracture testing.
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Fgure 3.10 Schematic illugtration of the MSE(T) specimen geometry with the dimengons
tested. Not to scale.

Figure 3.11 Photograph of the extensometer with the specialy designed bent quartz rods for
load- point displacement measurement.
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Figure 3.12 Photograph of the set-up used for room temperature fast fracture testing of
MSE(T) specimens.

Figure 3.13 Photograph of the set-up used for high temperature fast fracture testing of MSE(T)
specimens.
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Figure 3.14 Photograph illugtrating the strain gage position with repect to the notch on the
MSE(T) specimens.
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Figure 3.15 Schematic representation of the x-ray radiography technique showing the method
of sengng of aninternd flaw.
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Figure 3.16 (a) & (b) X-ray radiographs of representative plates of the SsN4-BN fibrous monolith and neat S;N 4 materids respectively. A
large number of microstructura defects are detected and the radiograph of the FM material whereas the neat materia appearsto be uniformly
dense except near the edges.
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Figure 3.17 Schematic representation of the experimental apparatus used to obtain thermal images at Argonne National Laboratories™®,

60



Signal
z Conditioner

v {

00
00
(oNe)
(e)e)

Pulser/Receiver
Transducer

Signal
Processor with

SONIX™ softwar e

Y

| mmer sion
Tank filled with Reflector Si 3N4-BN FM
Water Plate Fracture Specimen

Figure 3.18 Schematic representation of the experimental apparatus used to obtain ultrasonic C-scans.
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Figure 3.19 Schematic representation of the acoustic emission test apparatus used during fracture testing.
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CHAPTER 4
TENSILE BEHAVIOR OF UNNOTCHED SPECIMENS

The following chapter presents the tension data generated on unnotched specimens.
The tendle behavior is discussed in terms of fraction of SeN4 phase, microstructurd feature Size,

and specimen geometry.

4.1 Monolithic S5N4

Two monalithic SsN 4 dogbone specimens were tension tested. The dataare listed in
Table4.1. Specimen 97-K34 was found to have a strength of 480 MPa and stiffness of 286
GPa. The other specimen, 97-K 38, failed at 527 MPa and had a modulus of 274 GPa. The
average strength measured for this materid was gpproximately 504 M Pa, the average modulus
was 280 GPa, and the gtrain at failure was only 0.17%. A representative stress-strain trace

shown in Figure 4.1 depicts the linear behavior to fallure for this materid.

Specimen # Plate #| Cell Size| Strength (MPd)Modulus (GPa) Strain at Failure (%)) Work Of Fracture (J/R)

97-K34 |P97017 neat 480 286 0.16 58395
97-K38 |P97018 neat 527 274 0.18 43424
avg: 503.5 280 0.17
std dev: 33.2 8 0.01

Table4.1 Tensle Test Datafor Monalithic SgN .
The fracture surfaces were flat and brittle in nature, as shown in Figure 4.2. Thefalure

initiation gte in the case of gpecimen 97-K 34 was located on the surface of the
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specimen and therefore may have been aresult amachining flaw. The crack in specimen 97-
K38 initiated at adark incluson within the materid and did not seem to occur as aresult of the
meachining or the test machine grips. It is suspected that the lower strength value measured for
gpecimen 97-K34 may have resulted from a machining defect. Despite the differencein

strength, both specimens had approximatdy the same strain a falure.

| Specimen # Plate #| Cell Size| Strength (MPa)Modulus (GPabWork of Fracture (J/?-r)1|
97-B44 | 97S01| 125 um 127 213 59771
97-B48 | 97S02| 125 um na na na
97-B52 | 97S03| 125 um 96 200 222754
97-B56 | 97S04| 125 um 114 180 371037
97-B60 | 97S05| 125 um 115 212 44614
avg: 113 201
std dev: 13 15
| Specimen # Plate #| Cell Size| Strength (MPa)Modulus (GPabWork of Fracture (J/?-r)1|
97-B64 | 97S06| 250 um 126 191 608179
97-B68 | 97S07 | 250 um 132 183 284521
97-B72 | 97S08| 250 um na na na
97-B76 | 97S09| 250 um 124 215 570114
97-B80 | 97S10| 250 um 122 210 na
avg: 126 200
std dev: 4 15
both cell sizes  avg: 120 201
straight-sided std dev: 11 14

Table 4.2 Tendle Test Datafor Straight-Sided Fibrous Monaliths.

4.2 Fibrous Monalith Materia

Data obtained from tensle testing straight-sded specimens of the fine celled and coarse
cdled fibrous monolith materids are presented in Table 4.2. Nomind drain values are not
reported as the damage observed for the failures was outside the gage length of the

extensometer used. The strength vaues for the materid with the finer cell Sructure ranged from



96 MPato 127 MPa, with a mean strength of 113 MPaand a standard deviation of 13 MPa.
The strengths measured for the materid with the larger cdll structure ranged from 122 MPato
132 MPawith amean of 126 MPaand standard deviation of 4 MPa. The mean value of
modulus for both materids was found to be gpproximately 200 GPawith a sandard deviation in
each case of 15 GPa

Figures 4.3 (a) and 4.3 (b) illugtrate the representative behaviors of the fibrous monalith
materids. The plotsillugtrate that both materids behave dadticdly at low loads and then exhibit
large displacements near failure.

In both materids, the damage included widespread inter-ply ddamination and falure of
the 0° plies. A photograph of arepresentative straight-sded tensile specimen from each
microgtructure is shown in Figure 4.4. 1n each case the specimens remained essentidly intact
even though the load dropped to zero. The specimens shown in the figure were pulled gpart in
the test machine after the failure, which resulted in alarge amount of pull-out of the cdl bundles.
It was observed that the cracks progressed around as well as in-between cell bundlesinstead of
the path around single cells within the bundles. Thiswas interesting, as the shortest distance
between opposite sdes of a bundle would be a straight line through the bundle middle, i.e. dong
sngle cdl boundaries.

In addition to tendle testing the Sraight-sded specimens, two dogbone specimens from
each microgiructure were a so tested to measure the effects of geometry on the strength. The
dataare listed in Table 4.3. The strengths measured for the materia with the 125 pin cdls were
127 and 98 MPa and the strengths measured for the materia with the 250 pyin cells were 106

and 114 MPa. Modulus vaues for the materials were approximately 250 GPaand 175 GPa,
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respectively. Representative stress-strain curves are shown in Figure 4.5 () and 4.5 (b). The
damage induced in these specimens was al so widespread, extending outsde the gage length.
Therefore, the nomind strains at failure depicted by the plots are not accurate. Again, it was

observed that cracks were directed around the cdl bundles and not the individua cdls.

| Specimen # Plate #| Cell Size| Strength (MPa)Modulus (GPabWork of Fracture (J/?-r)1|

97-B45 | 97S01| 125 um 121 286 6225
97-B51 | 97S02| 125 um 98 213 4476
avg: 109.5 249.5
std dev: 16.3 51.6
| Specimen # Plate #| Cell Size| Strength (MPa)Modulus (GPabWork of Fracture (J/?-r)1|
97-B71 | 97S07| 250 um 106 na 6291
97-B74 | 97S08| 250 ym 114 175 8373
avg: 110 175
std dev: 5.7
both cell sizes  avg: 109.8 224.7
dogbone std dev: 9.9 56.4
all FMdata avg: 116.3 207.1
both geometries std dev: 114 30.1

Table4.3 Tendle Test Data from Dogbone Fibrous Monaliths.
4.3 Discusson

4.3.1 Tensle Results

Experimental data were compared to tensile data found in the literature. Limited data
have been reported for the tensile strength of monoalithic SsN4. Dueto the difficultiesin testing
ceramics in tension, flexure testing is the commonly used characterization method. The
approximate tensle strength for a hot- pressed SisN, materid with an a/b ratio of 60:40 was
found to be 547 MPa'*, The strength of the neat S;N, materia tested in this study was

measured to be about 8% lower at 504 MPa. Differences in processing, congtituent phases,
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and machining of the SsN, materials used in this study versus that reported in the literature may
account for the small discrepancy in strength Since scatter in properties of ceramics results from
differencesin flaw digtribution.

No data have been reported in the literature for fibrous monolith materid with the same
microgtructures and architectures as being tested in this sudy. However, fast fracture tensile
data was reported by Staehler® and Advanced Ceramic Research Corporation™ for
unidirectional multi-filament coextruded S;N4-BN materid. As presented in Chapter 2,
Staehler showed a strength vaue of 495 MPafor materid with areported nomina cell sze of
125 piin (2:1 mm strands) and an 85% volume fraction of S3N4. ACR measured avalue of 379
MPafor uniaxid multi-filament materid with an unreported cell sze and 80% volume fraction of
SisNa.

A comparison between the reported strengths and those measured in this study is
possibleif the vaues obtained from the literature are normalized to account for differencesin
volume fraction of the S;N,4 phase and in the fraction of cdlsin the axid direction. To do so,
the assumption is made that the 45 pliesin the materids tested in this study do not carry any of
thetendleload. The test materids have two out of Sx pliesin the axid (0°) direction (s 33%),
wheress the materidsin the literature had 100% of the pliesin the axia direction. After
normalizing, the strengths calculated from the data reported by Staehler® and ACR®,
respectively, are 144 MPaand 117 MPa. See Appendix B for the calculations of normalized
drength using vaues from the literature.

The normdized vaue obtained from Staghler’ s data is about 12.5% to 17% higher than

the average strength obtained from the two FM materidstested in this study. The normalized
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vaue from ACR's data fals between the strengths measured for the two fibrous monolith
materids. This strength prediction discounts any effect of the 45¢ plies. The data from Staehler
indicates that the 45° plies may hinder the strength of the materid. A negative effect on strength
by the addition of cross-pliesin the materia tested by Staehler was aso speculated. 1t was
thought that the O° plies may become damaged by the addition of the cross-plies during hot-
pressing. Evidence of impingement and other abnormdlities, presumed to be aresult of
processing, were observed in the materids tested in this sudy and are clearly identified in Figure
3.3(a).

4.3.2 TendleBehavior of Fibrous Monoalith versus Monalithic SsN4

A comparison of the SzN4-BN fibrous monolith materids with the monalithic SsN 4,
shows that the fibrous monolith material sacrifices strength and stiffness for gpparent toughness.
In tension, the fibrous monolith materias exhibited non-linear behavior and torturous fracture.
In contrast, the monoalithic SkN 4 ceramic showed linear eastic behavior and catastrophic fallure
with ardéively flat fracture surface.

Although the behaviors are quite different, a direct comparison of the strengths of the
different materids is possble by normdizing the monalithic srength using a pseudo rule-of-
mixtures agpproach. If the average strength measured for the neat materia is multiplied by the
area percent of SN, cdlsinthe axid direction, and it is assumed that the tendle strength
contribution of the BN is negligible, then the predicted strength of the neat materid is
goproximatey 125 MPa. Thisvaduefdlsin the range of the strengths measured for the two

fibrous monoalith materids. See Appendix C for the caculation.

68



In stiffness, both of the fibrous monolith materials showed about a 29% decrease compared to
the neat materid. An approach which can be used to predict the Y oung's modulus of afibrous
monolith materiad with a [-45/0/+45]s lay-up is by using equations from laminate theory. King®’
showed good agreement in predictions made for the dastic properties in multidirectiond fibrous
monaliths. Although that andlysis was not repeeted for this study, a comparison of the Young's
modulus measured by King'’ for materias with [0/+60] and [0/+45/90] architectures with those
measured for the [-45/0/+45]s shows the moduli to be comparable at 205+7 GPa, 202+3 GPa,
and 201+14 GPa, respectivdy.

The grestest advantage fibrous monolith materids with multi-axia architectures have
over monalithic materidsin tenson is expected to be toughness. The extensometer (strain)
measurements were not able to capture the complete deformation history of the fibrous monalith
materids. However, ardative comparison of the total work of fracture (WOF) for the fibrous
monolith materids and the monolithic materia was possble usng sroke measurements. In
addition to extensometer data, stroke data off the M TS actuator was recorded in each test by a
LVDT (linear varidble differential transducer). The area under the load versus stroke curve
provides an estimate of WOF.

The work of fracture defined in this manner isthe total fracture energy including eastic
energy and an unknown contribution from the test system. Theresultsarelisted in Tables4.1
through 4.3 for the neat and fibrous monolith materids. The WO was cdculated by dividing
the area under the curve by the cross-sectiond area of the specimen. The neat materid had an
average WOF; on the order of 50,000 Jrr?. The WOF; for the fibrous monolith materid in the

graght-sded geometry showed large discrepancies from specimen to specimen, which ranged
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from 44,614 Jnf'to 608,179 Jn?. The average WOF; for the fibrous monolith materid in the
dogbone geometry was an order of magnitude smaler compared to the neat materid and
sraight-sided fibrous monolith specimens at 6000 Jnf.

Discrepancies in the WOF and thus the stroke data may in part be attributed to the
resolution of the measurement device. The LVDT is not accurate enough to measure the smdll
load-point displacements being tested. Thisissue was addressed in later testing of the notched
specimens. In these later tests, a second extensometer was designed and implemented for more
accurate measurement of displacement at the point of loading for work of fracture
determination.

4.3.3 Tengle Behavior of Fibrous Monaliths as a Function of Cdl Size

The data presented in Table 4.2 and Table 4.3 for both the straight-sided and dogbone
gpecimens do not illugtrate thet there is a sgnificant difference in behavior when comparing the
fibrous monalith materid with the 125 yin cdls to that with the 250 n cells. Comparison of the
two materidsin the draight-sded geometry and the dogbone specimens separatdly, it is shown
that they fall within each other’srange. A test of hypothesis for the means on the limited data
sets show that there is no significance difference in strength between the two materials. See
Appendix D for the hypothess test caculation.

The data show that for both specimen geometries, thereisalarger variability for the
materid with the smaler cdls than for the materia with the larger cdls. The variability may
result from the differences in material processing and the machining. Recdll from Chapter 3 that

the fibrous monolith materia with the amdler cdl sSze had more digtorted cdls and more defects
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such as kinks and distorted cell boundaries. It is suggested that this increased occurrence of
defects most likely contributed to the increased variahility.

In addition, the plates of materids for the two microstructures were originally fabricated
with a different number of plies. The plates of materid with the smaller cdlls were fabricated
with atota of 16 plies and were gpproximately 7.6 mm thick after hot-pressing. The plates of
materid with the larger cells were fabricated with 8 plies and were 6.5 mm thick after hot-
pressing. Itispossible that the extra material being pressed, in the case of the smdler
microstructure, alowed for inconsstencies in consolidation and structure of the resultant cell
bundles as a result of more movement of the congtituent materid as the tile condensed.

Also recall from Chapter 3 that severd of the outer plies had to be removed from each
plate to make the architectures similar and test coupons thin enough to test. Unfortunately, that
meachining was not done symmetrically for the plates of materid with the 125 um cdlls. More
materid was removed from one surface than from the other. Refer to Figure 3.2 (a) and 3.2 (b)
for micrographs of the two test materiads. Thisincongstency in the machining of two different
sets of plate materid may aso contribute to the variahility in the data

Thedatain Table 4.2 and 4.3 aso show the trends in moduli for the fine and coarse
microstructures. For the straight-sided and the dogbone specimens, the mean vaue of modulus
is the same for both microstructures but there is some varigbility.  Variability in the modulus can
be attributed to the sengtivity of this measurement with dight differences in gpecimen dignment
within the test machine, and the use of a 12-bit (low resolution) digitizer in the test apparatus.

From a strength and stiffness perspective, one might not expect there to be adifference

between the materids, as they contain the same volume fraction of the reinforcing phase. The

71



cdl s9zein the fibrous monalith microstructure is, however, expected to influence the fracture
resstance. What was found, however, isthat individud cdll Sze does not influence behavior of
the materid being invedtigated in this study. The largest microgtructurd festure in the materid is
what dominates fracture behavior, and for the multi-filament coextruded fibrous monolith
materidsthose are the cdl bundles. The materids being studied herein have two different cell
bundle szes. Recdl from Chapter 3 that the materid with the 125 pin cdls had multi-filament
srands which were 1 mm after coextruson and the materia with the 250 pn cdlshad 2 mm
drands. Therefore, comparisons of the data for the fibrous monolith materials being studied
should be made in terms of cdll bundle size and not individud cell size.

Assessment of the toughnessin terms of cell bundle size for the Straight-sided specimens
was not possible for amgority of the data due to invaid srain and alarge variability in the
droke data. The limited tests on the dogbone specimens may show that the materia with the
larger cell bundles absorbs dightly more energy upon fracture. The average WO sfor the
fine and coarse celled materials were 5351 Jnt and 7332 Jn¥, respectively.

4.3.4 Tendle Behavior asaFunction of Specimen Geometry

Dogbone specimens from each microstructure were tested as well as the straight-sided
specimens to obtain the base-line srength of the materids. When testing sraight-sided
goecimensit is a concern that the stress concentration at the point of griping may initiate fallure
and affect the srength results. Normalized strength estimates from the results in the literature
and from the experimentd results on the monolithic SsN, materiad showed that the average

grengths from the straight-sided specimens may be low.
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A comparison of the straight-sided versus dogbone specimens tested in this study
showed different results depending on the microstructure.  For the materid with the smaller cell
bundles, the geometry did not seem to have an effect on the average strength.  For the materia
with the coarser microstructure, the average strength for the dogbone specimens is lower than
for the sraight-gded. Thisis opposite to the trend that would be expected if gripping was an
issue. However, since there is no effect of individud cdl Sze and no sgnificant effect of cdl
bundle sze on the strength and stiffness, one can say that the results are within the scatter of the
entire data set.

Another issue to congder with specimen geometry is the effect of specimen width on the
properties of the materid. Generdly, there exists an edge effect when testing laminated
composites of finite width that is associated with atriaxid State of stress near free edges (or
other geometric discontinuities), where stress transfer is mostly by interlaminar stresses?*, The
presence of interlaminar shear stresses in the region effected can influence the faillure mode and
properties. The magnitude of these stresses, and thus the width of the effected zone away from
the edge, are afunction of the dastic properties, ply angles, stacking sequence, and ply
thickness™*. Anomolies at the edges associated with hot-pressing or machining can aso
influence the dress-state a the edges. A smple estimate of the boundary layer for edge effects
is anywhere from one to two times the laminate thickness™ 3.

To determine if the specimen width has influenced the tensle strength measured in this
study, an experiment was performed on both straight-sided and dogbone specimens with
different test widths. Three different specimen widths were congdered for each geometry:

19mm, 16 mm, and 12.5 mm. The materias used for this Sde experiment were fabricated
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differently than the tet materid. The Straight-9ded specimens came from materid witha
different binder system and the dogbone specimens came from materid with the same binder
system asthe origina materias being tested in this study, but had a dower binder burnout
schedule. Dueto the differencesin materid processing, theidea of this asde was not to
compare nomina values of strength, but to look at trends in behavior with respect to specimen
widkth.

The drength data from the fast fracture tests performed as a function of width are
shown in Figure 4.6. The results do not show conclusively that there is an effect of pecimen
width on the tendle strength. A larger number of tests and awider range of specimen widths
should be tested to address thisissue.

This plot does show, however, alarge difference in strengths measured for the
differently processed materids. Thereisalarge drop in strength shown for the dogbone
gpecimens compared to the straight-sded specimens which is believed to be due to processing
differences and not due to specimen geometry. If the strengths for a specimen width of 12.5
mm are plotted for each materid asin Figure 4.7, one might conclude that the new binder
system enhances strength while adow binder burnout schedule adversely affects strength. With
thisresult it should be concluded that binders and processing schedules sgnificantly influence
behavior and should therefore be reported with any mechanica behavior data generated on
fibrous monolith materias.

44 Summary
Fast-fracture tensle testing of unnotched specimens showed that the properties of the

fibrous monoalith materids are directly related to the reinforcing phase in the axid direction and
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that the [-45/0/+45]s architecture being tested in this study may not provide for optimum
fracture resistance compared to neat SkN, materid asillusrated by the large range in the
WOF results.

Fracture surfaces of the fibrous monolith tensile coupons show that fracture isinfluenced
by the largest microstructura festure which is the cell bundles in multi-filament coextruded
materials and not the individud cells. The two materids tested herein not only had differing
individua cell szes but dso different cell bundle Szes due to the processing technique. A
comparison of the results obtained by testing straight-Sded specimens from the two different
fibrous monalith materids showed that there is satidticaly no sgnificant differencein the
grength. However, alarger variability in strength from plate to plate was observed for the
meaterid with the finer microstructura features, which was attributed to processing and
machining. Tota work of fractures based on actuator stroke implies that the material with the
larger cell bundles may have increased energy absorption capacity.

Tensle data were generated for dogbone specimens from both microstructures of the
fibrous monoalith materids to address specimen geometry issues. The results of the strength
comparison for the two specimen geometry’ s were inconclusive. Other fibrous monalith
materials were used to address the effect of specimen width on the strength. The outcome of
this experiment was a so inconclusive due to the limited number of deta obtained. These data
show that asgnificant difference in materid properties can result with changes in binder systems
and burnout schedules and it was verified that pedigree of the fibrous monolith materials should

be considered when comparing data.
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Figure 4.2 Photograph of afractured monoalithic SsN 4 tensle specimen illudrating the brittle
fracture.
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CHAPTER 5

FAST FRACTURE OF MODIFIED SINGLE-EDGE NOTCH SPECIMENS

The following chapter presents and compares the data generated through fast-fracture
testing modified single-edge notch specimens of the different test materias. The first section
reviews the results for both the monoalithic and the fibrous monolith materials obtained using
MSE(T) specimens with anotch-to-width ratio of 0.3. Included in this section are data
generated for specimens tested at both room temperature and at 1150°C. The second section
presents the results of testing MSE(T) specimens with various notch lengths. The gpplicability
of two different approaches to describe the materia behavior were evaluated: aLinear-Elagtic
Fracture Mechanics (LEFM) approach, and a net- section stress approach. A comparison of
the fracture behaviors was ultimately made using work of fracture measurements and
observations made about the damage progression through NDE. All data generated through

fadt-fracture testing MSE(T) specimens are presented in Table 5.1.
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Test [Notch Size | Microstructure Initial Initial WOE
Temp a/W ID# E (CMOD) [Compl (CMOD)| Max Load CMOD @ load ptd @ Net Section Ko app) Ko Gnitaly Ko gnitat) Total - LPd
(°C) (GPa) (m/N) (kN) max load max load Stress (MPa) (MPajm) (MPajm) (MPajm) (J/m?2))

125 pm 97-B58 - 6.9614 0.015469 0.058381 - 140 na 529 7.03 3874
failed in grip
0.1 250 pm 97-B78 - 9.0926 0.011403 0.045703 -122 na 8.58 9.73 2765
did not fail
Neat 97-K37 268 0.898 4.1036 0.0036818 0.052943 96 7.66 - 233
125 pm 97-B55 211 219 6.815 0.034482 0.054661 154 16.91 7.69 9.93 3946
0.2 0.035487 0.056092
250 pm 97-B70 203 153 8817 0.033409 0.051226 133 14.68 7.49 11.65 4253
0.051945 0.064105
97-B43 215 357 54714 0.039594 - 141 18.20 6.32 10.81
125 pm 97-B47 - 4916 0.034498 0.047506 127 16.36 6.66 9.98 1909
23
97-B57 224 348 4.983 0.034665 0.04804 129 16.75 5.88 10.76 2158
03
97-B65 - 8.02 0.048321 0.045217 149 18.12 5.08 9.04 2600
250 um
97-B75 206 25 7.6881 0.046468 --- 134 16.95 7.16 10.58
97-K32 287 313 1.9932 0.0062799 0.011087 60 7.72 - 225
Neat
97-K36 289 313 2.088 0.0065094 0.012878 62 8.07 --- 285
125 pm 97-B46 - 3.307 0.046849 0.031766 119 17.86 810 10.80 1052
05 250 pm 97-B62 - 5.062 0.056684 0.10173 122 18.35 5.44 9.06 1454
Neat 97-K33 262 8.06 1.1065 0.0090101 0.0057235 46 6.96 - 48

Table 5.1 Reaultsfrom fagt-fracture testing SsN4-BN and monoalithic SeN, materids.
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51  Fast Fracture of MSE(T) Specimens - ag/W = 0.3

This section reviews the data for fast-fracture tests run continuoudy to failure on the
neat and the fibrous monolith materids usng MSE(T) specimens with an a/W ratio of 0.3.
Refer to Figure 3.10 for an illusgtration of the MSE(T) specimen geometry. An &/W of 0.3 was
chosen for the mgority of the tests asit dlowed for a sufficient number of cell bundles on ether
sde of the notch and was thought to be outside the boundary layer for interference due to edge
effects. In the materid with the largest cdll bundles, a notch length of 5.71 mm dlowed for 60%
of the 2 mm cdl bundlesto remain in front of the notch. The notch length was aso larger than
the materid thickness (which was 4.3 mm for the thickest materid). A notch length larger than
the materid thickness, concelvably insures that the test would not be affected by interlaminar
shear siresses at the composite edges. With the chosen notch length, the edge defects identified
due to processing were aso not consdered an issue asillustrated in Figure 3.6.

5.1.1 Room Temperature Behavior

At room temperature, tests on MSE(T) specimens of dl materids were performed with
strain gages and acoustic emisson transducers implemented on either Sde of the notch in order
to capture information about the onset and progression of damage from the notch tip. In
addition, certain specimens were ingpected both prior to and following testing using severd non
destructive techniquesin order to better characterize the damage.

Representative data from a fibrous monolith specimen with the smaler microstructure,
97-B47, are given in Figures 5.1 (a) through Figure 5.1 (€). Figure 5.1 (a) shows the load
versus displacement trace that contains data obtained by the CMOD extensometer, two strain

gages, and the AE transducers. The loading data are non-linear to failure and show a number of
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discontinuities where relative changesin CMOD are detected with little increasein load. These
discontinuities are associated with the progression of damage. Specimen failure occurred a a
load of approximately 4.9 kN and crack mouth opening displacement of 0.04 mm.

The microgirain data recorded shows a change in linearity near where the first AE
events are detected. The maximum microstrain occurs after the on-set of non-linegrity in the
loading data. Thetracesfor strain gages number one and number two are of differing
magnitude. The reason being that they are on 45° plies and will not necessarily see the same
drain on ether Sde of the notch. This response is congstent for specimens of both the fibrous
monolith materids with an a/W of 0.3 and thereforeis useful in detecting initid and later Sages
of damage.

Theplot in Figure 5.1 (a) aso illustrates that acoustic emission events are first detected
at farrly smal displacements. The load that corresponds to the first AE events, and concelvably
the onset of damage, is gpproximately 2 kN. Perhaps other criticd stagesin the load-CMOD
trace for damage progression are portrayed by rapid increases in AE detections with small
changesin CMOD. It is observed that steep increases in the number of events occur at
displacements which correspond to those discontinuities in the load- CMOD trace and therefore
may aso indicate that damage israpidly progressing at those conditions.

Data from the NDE techniques, are shown in Figures 5.1 (b), (c), (d), and (€). The
damage induced is widespread and is not contained directly behind the notch. From the
radiograph in Figure 5.1 (b), pronounced cracks can be seen dong the +45° and -45°
directions corresponding to cracking aong the cell bundies in those orientations. Cracks can

a so be detected both between and through the 0° bundles. There may aso be evidence of
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delamination in the radiograph as the texture on the surface of the layer below the delaminated
layer can be seen. The dark features in the radiograph, which correspond to the processing
flaws (identified in Chapter 3), do not gppear to have any influence on the failure mode.

The thermd image and the c-scan in Figures 5.1 (c) and 5.1 (d), respectively, clearly
show evidence that there are delaminated plies behind the notch. Although both images outline
the same damage zone, the thermd image shows greeter resolution. The through-ply cracks
running aong the 45° direction are depicted in thisimage whereas they are not in the c-scan,
and the intensity of the thermd image suggests that the damage exists on different levels within
the test gpecimen. The c-scan, on the other hand, detects some of the differences in dendity due
to the processing flaws which can aso be seen in the radiograph.

The histogram in Figure 5.1 (e) shows the number of AE events detected at various
locations dong the length of the specimen. AE events were detected in alarge range around the
notch. Thelocation of the AE eventsidentifies that there is distributed damage ahead of the
crack tip.

Similar information for a representative specimen with the coarser microstructure, 97-
B65, is presented in Figure 5.2 (a) through 5.2(€). The behavior issmilar to the materid with
the samdler cdl bundles, the load-CMOD trace is essentidly nontlinear to falure. This gpecimen
faled around 8 kN after a displacement of 0.048 mm. The large differencein load carrying
capability between the two materidsis due to the difference in cross-sectiond aress.

As before, there are changes in the dope of the microstrain traces for both gage one
and gage two which correspond to the first AE events at aload of 2 kN. The maximums for

gage number one and gage number two coincide with loads of 7 and 6 kN, respectively. At
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approximately 6 KN there is aso a noticeable bend in the load-displacement trace and arapid
increase in the number of AE events detected. This may indicate that 6 KN isacritica load for
damage progression.

The NDE data from test specimen 97-B65 are shown in Figure 5.2 (b), (c), (d), and
(e). The damage zone detected using NDE for this test specimen was larger than was detected
for the materid with the finer microstructure. Thisis condgstent with the displacement measured
for this specimen. In the x-ray radiograph in Figure 5.2 (b), again pronounced cracks can be
seen dong the + and - 45° directions corresponding to cracking between cell bundlesin those
orientations. Cracks can aso be detected across the 0° cell bundles and aong on the axia
direction between cdll bundles.

The therma and ¢-scan images shown in Figures 5.2 (c) and (d), respectively, illustrate
that the cracks seen in the radiograph outline a large ddlaminated zone behind the notch. The
AE higogram in Figure 5.2 (€) does not depict the extent of the damage zone as well asfor the
gpecimen discussed earlier. It does show that alarger number of events were detected on the
load cdll side of the notch, yet adjacent to the notch. AE events on the actuator side of the
notch were located significantly further away from the plane of the notch.

Data shown in Figures 5.3 (a) through 5.3 (c) is for specimen 97-K 32, a monalithic
SizN, fracture specimen. The behavior shown hereislinear, and failure occurred a aload of 2
kN. The strain behavior was linear to faillure. The strain gages on ether Sde of the notch
messured identical values indicating the fracture bisected them. Only one acoustic emission
event was detected during the test and is associated with the CMOD at the point of failure.

Although no NDE data were taken on the neat S;N, materid, a photograph of the failed

86



specimen isshown in Figure 5.3 (b). The photograph shows the characterigtic brittle nature of
the fracture. One crack grew in the plane of the notch until faillure. The histogram in Figure 5.3
(¢) depicts the one acoustic emission event as being detected in the center of the specimen at
the notch.

5.1.2 Elevated Temperature Behavior

Results from testing both of the fibrous monolith materials and the neat materid at
1150-C are given in Figures 5.4 (@) through 5.4 (d). Figure 5.4 (a) isaplot of stress versus
displacement measured by the CMOD extensometer. The data are shown in terms of applied
dress as the materids have different cross-sectiona aress. The behavior of the two fibrous
monolith materidsisidenticd. The behavior islinear a low loads followed by repid
displacements out to falure. The neat materid shows linear behavior. The datafor al three
tests shows a sSgnificant amount of noise thet is attributed to linear expansion of the
extensometer rods, and therefore the data for the neat materia is represented with a dashed line
on the plot.

Damage from testing is depicted for each materia by x-ray radiographs shown in
Figures 5.4 (b), (¢), and (d), respectively. The damage detected in both fibrous monolith
materiads show sSmilar widespread damage as seen a room temperature. Damage features such
as cracks aong the cell boundaries in the 45° and Oe plies aswell as ddamination and cell
bundle fractures can be identified. The neat materid shows asingle brittle falure in the same
plane as the notch.

5.1.3 Discussion

5.1.3.1 Behavior of Fibrous Monalith versus Monolithic
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Figure 5.5 shows applied stress (far-fidd stress) versus displacement curves for the two
fibrous monolith materids and the monalithic materid. The plot in 5.5 (@) shows the rdlationship
between applied stress and the displacement measured by the extensometer near the crack
mouth opening while 5.5 (b) shows stress versus displacement measured at the point of loading.
Both plotsillugtrate that the fibrous monolith materids can withstand higher gpplied stresses and
show enhanced toughness over the stiffer neat materid in the presence of anotch. This data
documents the enhanced toughness of fibrous monolith ceramics over monalith ceramics.

Thereisadigtinct difference in the nature of the fracture between the nest and in the
fibrous monolith materids. Fibrous monaliths show evidence of extended failure by widespread
delamination, wheress the neat materid fails with a Sngle catastrophic crack. Figure 5.6
illustrates further the difference between the fractures obtained for the fibrous monolith and nest
materias with anotch. The neat fracture in 5.6 (a) looks flat and smooth to the right of the
notch. The fibrous monalith specimen in 5.6 (b) has alarge amount of cdl bundle pull-out
which outlines the comparatively torturous crack path.

5.1.3.2 Fracture Behavior as a Function of Microstructure

The plotsin 5.5 (a) and 5.5 (b) illustrate that the two fibrous monolith materids show
nearly identicd behavior. The materid with the 2 mm cell bundles
(250 in cells) appears to have gone to adightly higher stress and displacement to failure.
Consgtent with that result, it was demondirated through the NDE results that the materia with
the coarser microgtructure fractures with a more widespread damage zone and with significantly

more AE events detected.
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The damage in bath of the fibrous monoalith materids was Smilar in nature as illustrated
in Figures 5.7 (8) and 5.7 (b). The figures show the fine and coarse microstructure,
respectively, taken from the edge view on the opposite side of the notch of falled specimens. In
both cases the failure probably initiated in the cell boundary materid between cell bundles of the
45° surface layers. These cracks are deflected at the underlying 0° plies and then run in the
axid direction between the surface 45¢ ply and the 0° ply until they hit a“wesk” spot in the O°
ply and can cut through. This phenomenon is similar to that observed by King™ and Kover et.
a.’®,

5.1.3.3 Fracture Behavior - Room versus Elevated Temperature

In comparing the behavior a 1150-C for the fibrous monolith materids with thet at
room temperature, there is gpproximately a 50% loss in strength. The neat materid exhibited
approximately a24% lossin strength. Refer to Figures 5.4 and 5.5 (&) for acomparison of the
elevated temperature and room temperature behaviors shown in terms of applied stress versus
CMOD. It issuspected that the decrease in strength at high temperature for these fibrous
monolith materids may be the result of glassy phasesin the BN phase, which weakens the BN
a 1150°C. Both of the fibrous monalith materias did experience dightly larger displacements
to falure a elevated temperature than at room temperature.

The overdl changesin behavior for the fibrous monoliths are smilar to that observed in
flexure above 1100-C. The drop in strength observed in flexure was attributed to the existence
of an amorphous phase in the grain boundaries of both the SsN4 and the BN phases from
processing™ 82" The amorphous phase softens significantly at temperatures above 1100°C

and reduces strength.  Although analytical microscopy of the fractured specimens tested at
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1150°C in this study was not performed to document the existence of the amorphous phasg, it is
assumed that the same phenomenon has occurred.

Smilar to the results for flexure, there was a small decrease in the overal work of
fracture from room to elevated temperature. Results from astudy by Trice”” *indicated thet the
lengths of the delamination type cracks were longer than those after room-temperature testing.
Trice dso observed a change in the fracture initiation from tensile to shear at 1100-C due to the
weakened BN phase. In this case, displacements measured were longer which is consistent
with agreater amount of cracking before failure. The x-ray radiographs do not show any

noticeable differences in the fracture morphologies between room and eevated temperaturesin

this study.

5.2 Fast Fracture of MSE(T) Specimens with Various Notch Lengths

This section reviews the results from testing the various materids using notch-to-width
ratios of 0.1, 0.2, and 0.5. Specimens from both fibrous monolith microstructures were tested
with the various notch lengths. The SsN 4 neat materia was only tested with the smalest and the
largest notch lengths.

5.2.1 Fast-Fracture Behavior - a/W = 0.1

Figures 5.8 () and 5.8 (b) compare the two fibrous monolith materids and the neat
materid with an a/W of 0.1. These plots show the relationship between gpplied stress and the
displacement measured by the CMOD extensometer and the LPD extensometer, respectively.
Notch lengths as smal as 1.9 mm demonstrate how the monolithic SsN, materid suffers

compared to the fibrous monolith materias.
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Although the data from the fibrous monaliths are shown in the figures for comparison to
the neat materia, no comparison can be made between the two fibrous monolith materids as
neither one had afailure that initiated a the notch. The materia with the finer microgtructure did
not fal within the gage length of the specimen. This behavior suggests that the inherent flavsin
the microgtructure are greater in sze than the machined notch. The materid with the coarser cdll
dructure did not fail because the load limit of the test machine was reached. The unloading data
for this specimen are shown in the plots as well.

When comparing the data obtained from the CMOD and |oad- point extensometers, the
latter measures larger digolacementsto fallure. Similar differencesin displacements were
observed with the nest materidl.

5.2.2. Fast-Fracture Behavior - a/W = 0.2

The plots given in Figures 5.9 (a) and 5.9 (b) compare the two fibrous monolith
materiaswith an ay/W of 0.2. The neat materia was not tested with this notch length. Unlike
for the a/W ratio of 0.3, the finer microgtructure withstands a higher stress than does the coarse
materid. However, the difference in strength vaues lies within the scatter for strength.
Digplacement data taken near the notch opening suggests that the coarser microstructure
gopears to exhibit dightly more disolacement than the fine grain materid.  Thisis condstent
with the results from the fibrous monolith specimens tested with an /W of 0.3. The
displacements measured near the notch opening are gpproaching those measured by the load-
point extensometer. The gpplied stresses and |oad-point displacements measured for both of
the fibrous monolith materids are larger than those measured for the specimens with the ay/W of

0.3 (Figure 5.5).
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5.2.3 Fast-Fracture Behavior - a/W = 0.5

The data from specimens tested with the longest notch length (9.5 mm) aregiveniin
Figures 5.10 (a) and 5.10 (b). All of the materiads show a decreased in strength. The fibrous
monolith materids show greater retained strength compared to the neat SetN, materid inthe
presence of the notch. Incomparing the two fibrous monolith materias, again the coarser
microstructure gppears to show dightly larger displacementsto falure. One digtinct differenceis
that both fibrous monolith materids exhibited substantialy more displacement for a given stress
level when measured near the crack mouth opening. For this notch length it was dso observed
that the overdl displacements are now larger near the notch than at the grips and that the overdl
displacements at the point of loading are smaller than for the shorter notch lengths. Thisshiftin
behavior suggests that there has been a sgnificant change in how damage occursin the
gpecimen and in the congtraints to bending and rotation of the specimen. The neat materid does
not show a sgnificant difference in behavior between the displacement measured near the notch
opening or at the point of gripping.

5.2.4 Discussion

5.2.4.1 Notched Behavior - CMOD versus LPD

Differences seen in the data from the fibrous monoaliths depicted by the CMOD
extensometer compared to the LPD extensometer are what might be expected for a composite
materid tested in the Sngle-edge notch geometry with clamped ends. For the shortest notch
gze, the disolacement at the load point is larger than that measured at the notch opening. For
the largest notch size, the displacement at the notch opening islarger. When the notch sizeis

smdll, the entire specimen experiences deformation and therefore the globa displacement (as
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measured at the load point) is greater. \When the notch Szeislarge, the average stressleve is
smdl and therefore most of the gpecimen does not deform.

One interesting observation isthat for dl four notch length tested, the load point CMOD
versus stress traces have nearly the same dope. However, for the CMOD measurements near
the crack mouth opening, the largest crack length investigated exhibited a more gradua dope on
the stress versus CMOD trace. This suggests that there is a change in the fracture process for
this crack length. It is suggested that this changeis most likely driven by rotation and bending in
the specimen as aresult of the long notch length. In addition, the fracture zone was confined to

anarrow region ahead of the notch.

5.2.4.2 Notched Behavior- Fracture Morphology

The effect of the notch length on the behavior may best be studied adong with the
corresponding NDE of the fracture. Figures 5.11 (a) through 5.11 (€) contains both destructive
and nondedtructive data from the materia with the 1 mm cdll bundles (125 micron cells). The
plot in 5.11 (&) shows the normalized load versus the normaized CMOD data for each notch
length. The figure does not include &/W of 0.1 since the failure did not occur at the notch for
that specimen. The plot showsthat there isanotch length effect. Asthe notch getslonger, the
relationship between normaized load and normaized displacement becomes more linear. One
way of interpreting this behavior would be that there is a decrease in the distributed damage
zone created ahead of the notch.

Radiographs from each specimen for the finer microstructure are shown in 5.11 (b), (¢),

(d), and (e). Theradiograph for the specimen tested with an ay/W of 0.1 in Figure 5.11 (b)
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shows how the only damage occurred within the gripped area which was the cause failure,
Given the precise dignment of the test frame, afalure in the grips suggests that the stress
concentration at the clamping grip combined with naturaly occurring defects within the fibrous
monolith materia have more of an effect than the smal machined notch. Therefore, the materia
isinsengtive to the notch.

The specimen with an ay/W ratio of 0.2 in Figure 5.11 (¢) shows alarge damage zone
away from the notch. Thereis evidence of widespread delamination and through ply cracking.
Thereisacrack in a45e ply and in a 0 ply which emanates from the notch, but there are
additiond cracksin the + and - 45¢ plies and delamination type cracks which extend across the
width of the specimen.

It is suggested that cracks away from the notch were initiated by shear stresses that
resulted during the faillure process. The higher loads required to fall the net-cross section of the
pecimen with an a/W of 0.2 may have dlowed for thislarger damage zone area.

In comparison, the specimen with the notch length of 5.71 mm (a/W of 0.3) shows that
the damage is contained within about a 12 mm zone on ether Sde of the notch and originates
from the notch tip. The damage seen in this radiograph was described in an earlier section.
Findly, the longest notch length has the samdlest damage zone, with dl of the damage emanating
from the notch tip.

The normdized plot and the radiographs for the materid with the 250 yin cdlls are
shown in Figure 5.12 (a) through 5.12 (e). The cross-sectiond area of the specimen with the
smdlest notch resulted in arequired maximum load that was too large to fail the specimenin the

test system. Therefore, the data from this specimen are not shown in 5.12 (a). The datafor the
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other specimens show the same trend as for the materid with the smdler cdl bundles. Asthe
notch length increases, the load versus displacement relationship becomes dightly more linear.
In this case the data for an a/W of 0.2 and 0.3 show the same behavior until reaching about
75% of the pesak |oad (50% of the peak CMOD). At that point the materia with the longer
notch length experiences larger displacements at the notch opening with increasing loads.

The radiograph for the specimen with an a/W of 0.1 is shown in Figure 5.12 (b). Due
to the smdl notch size and large specimen geometry, it was not possible to load this specimen to
falure. Thelack of damage suggests that no large stress concentration existed at the notch tip.
The specimen with the a/W of 0.2 in Figure 5.12 (c) shows widespread delamination Smilar to
that observed in the materid with the finer microstructure. There are ddlamination and through-
thickness cracks that run dong cell bundle boundariesin the 445 directions from the notch as
well asin other places dong the edge. The rdatively light areain the radiograph isan area
where the surface layer of the materid ismissing.

The damage in the specimen tested with an a/W ratio of 0.3 in Figure 5.12 (d) was
described earlier. However, unlike the finer materid, there is some cracking away from the
notch. This materid is thicker and has thicker plies whose stacking could have influenced the
materid farther awvay from the edges compared to the thinner materid. The thicker materia
requires higher loads to fall the specimen which dso may have dlowed for the differencesin
falure morphology.

The specimen with the longest notch is shown in Figure 5.12 (€). The radiograph in this
case shows damage which is more localized behind the notch. The cracks all appear to be

influenced by the presence of the notch.
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The normdized plot and photographs taken of the failed neat samples with ay/W ratios
of 0.1, 0.3, and 0.5 are shown in Figures 5.13 (&) through 5.13 (d). The three traces exhibited
in Figure 5.13 (a) showsthat for dl three notch lengths the behavior was identicd to failure, with
no gpparent notch length effect. Each curve shows an identicd linear relationship between
normalized load and CMOD. It has been suggested in the literature® that notch length effects
as seen in fiber-reinforced composites dso exist in brittle materials. However, the notch length
effect isonly evident at notch lengths which are smdl (<0.0254 mm) where the Sressintensity is
negligible and therefore are typicaly not recognized. The photos show that the specimen
fracture morphology does not appear to be dtered by the notch length. Catastrophic failure

characterized by a single crack in the plane of the notch is observed for each.

5.3 Theoretica Prediction of Notch Length Effect

The trend in applied stress with notch length is shown in Figures 5.14 and 5.15 for the
neat and fibrous monolith materias, respectively. On those plots, the theoretica predictions for
grength with notch sze using equations from linear-elagtic fracture mechanics (LEFM) and using
net section stress are shown.

5.3.1 Notch Size Effect - Monalithic SsN4

Figure 5.14 shows that the strength of the neat materid follows atrend with a/W ratio
that can be accurately described in terms of stress intendity predicted by equations from LEFM.
The prediction usng LEFM principles says that the applied sressis equd to the dress intensity
factor, K, divided by the square root of the notch length and a constant, which is afunction of

specimen geometry*™*8, Thevaue of K in this case is defined as the effective toughness of the
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material, Ko. Thevaue of Kq approachesthe critical stressintensity factor, Kc, asthe
specimen size increases (plane strain conditions) *2. See Appendix E for the development of
the predicted behavior of the neast materid in terms of effective toughness. The vaue for
effective toughness obtained using this methodology was around 8 MPa¢in, which agrees with
values of fracture toughness found in the literature for SN, materids™. The net-section stress
caculation severely overestimates the strength as it does not take into account the stress
intensity at the notch.

5.3.2 Notch Size Effect - Fibrous Monoliths

The plot in Figure 5.15 shows the same LEFM and net- section stress predictions for
the fibrous monoalith materids. The vdue of K used in this case to predict the notch effect in
terms of LEFM equations was caculated using theinitid notch length and the load at the onset
of non-linearity in the load- displacement trace. The calculaionsfor this prediction are given in
Appendix F.

Kq inthis caseis smdler than for the neat materid at approximately 7 MPadin and so
the LEFM prediction overestimates the effect of the notch. The prediction for notch size effect
in terms of the net- section strength was cd culated using the average tendle strengths from the
graght-sided tensle coupons for both the fine and coarse microstructures combined (120
MPa). The net-section diress prediction in this case was dightly lower than the actud test data.
The most likely explanation for this result was an underestimate of the true tengle behavior of
the fibrous monalith. The net-section stress prediction in Figure 5.15 was based on the average

tensle strength collected earlier on test coupons taken from each fibrous monoalith plate, as

97



described in the tension test result section earlier. Given the scetter in the tensile data, the net
section results fal very close to the scatter band.

5.3.3 Discusson - LEFM vs. Net-Section Stress

The gpplicability of LEFM andysis and the meaning of K in terms of toughness
cdculated in this manner for the fibrous monoalith materidsis limited due to the assumptions
made about materia isotropy, specimen size, damage zone size and morphology. In addition,
the origina notch tip stress didtribution is dtered at the onset of damage and can no longer be
modded by LEFM principles.

Perhaps a more correct comparison of fracture toughness per se could be made for the
fibrous monolith materiads versus the neat materid using these equations if the laminate lay-up
included 90° pliesaswdl. These materids exhibit quas-isotropic behavior and preliminary
testing on a quas-isotropic fibrous monolith specimen showed that the nature of the fracturein a
globa sense may be more gpplicable to thisandysis. A quas-isotropic specimen that was 19
mm wide with an a/W of 0.3 was tested as a preliminary check on the methodology. A
comparison of the fracture surfaces for neat materid, fibrous monolith materid with a[-
45/0/+45]s lay-up and a fibrous monalith materid with a quas-isotropic architectureis shownin
Figure 5.16 (a), (b), and (c), respectively. Although the failure surface of the quasi-isotropic
gpecimen gill shows some evidence of axid splitting and cracking in the 45¢ plies out of plane,
the globd failure occurred in the plane of the notch unlike for the materia with the [-45/0/+45]s
architecture.

The use of LEFM equations on quas-isotropic fibrous monolith materias could be

further substantiated using specimens with widths much larger than were consdered in this
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study. Wider specimens would be necessary to accommodate flaw sizes large enough to insure
that the value of Kq being measured approaches Kc. The notch length effect shown by the
fibrous monolith materidsis amilar to that seen in polymer matrix fiber-reinforced composites.
Data reduction techniques to describe the crack (or notch) size effect in fiber-reinforced
laminate composites described by Sendeckyj *° identifies that Ko asymptotically approaches K¢
as the flaw size approaches about 25.4 mm for typica polymer matrix composites. A wider
gpecimen would dso dlow for aglobdly smal damage zone in which there would ill be a
region where dastic stress field equations are applicable.

Ultimately, the net-section stress prediction in Figure 5.15 is amore applicable
description of the notched behavior. The discrepancy between net-section stress and notched
drength was most likely due to an underestimate of the materials true tendle strength. The
gpparent lack of notch sengtivity in FMs may be aided by pre-existing damage in the form of
microcracks in the BN from processing. Other researchers” ™ have speculated that such flaws
act to further lower the notch sengitivity of the materid by disrupting the stressfidd near the
notch tip.

If it is assumed that the ultimate tendle strength measured was low and that the actud
strength of the materia should be closer to that estimated for the test material using Staehler’s*
unidirectiona data (144 MPa), then the net- section stress would more closdly approximate the
behavior measured in thisinvestigation. See Figure 5.17 for the applied stress versus a/W data
plotted against a net-section stress prediction using an UTS of 144 MPa. As stated earlier,
accounting for the inherent scatter in the tendle dataresultsin dl of the datafaling within or very

near the net section values.
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5.4 Fracture Energy

It was shown that the notched behavior of the fibrous monaliths tested in this study
cannot accurately be modeled using LEFM. It was dso shown that the net-section stress
prediction of the behavior was influenced by the limited tendle data available. Perhaps, a better
description of the toughness and notch size effect of the fibrous monoaliths compared to the neat
materia comes from the fracture energy. The fracture energy isthe totd work done dueto
testing. Thetota work of fracture per unit area (WOF) includes the astic energy contribution
and was caculated for each specimen using the area under the load-point displacement curve.

It was shown through tendle testing that a high-resolution measurement of this displacement was
needed for an accurate calculation. The resultsin terms of total work of fracture for the
materids are shown in Figure 5.18 and in Table 5.1.

Figure 5.18 shows the WOF versus notchto-width ratio for the three test materids.
Thework of fracture measurements for the fibrous monoaliths with an a/W of zero came from
gpecimens with the dogbone geometry. From Chapter 4, the vaues from the dogbone
gpecimens were the only data taken during tension testing that were deemed vdid for this
measurement. The plot shows that the fibrous monolith materias require amuch higher totd
work of fracture to failure than the neat materid, even a the smdlest notch lengths. The data
for the fibrous monolith materias show a definite trend with ay/W ratio and the materia with
larger cdls shows adightly higher WOF a each notch length. The data for the nest materid

do not show a discernible trend with notch length.
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Idedlly, one could modd the effect of the notch size on the behavior of these fibrous
monolith materids in terms of the failure mechanisms and the fracture energy trend. A greater
understanding of the complexities surrounding the cdll architecture, the BN structure, and the
damage progression is needed for thisloading condition and specimen geometry. Such andyss
is beyond the scope of this research, however, further experiments presented in the next chapter
were amed at agreater understanding of the damage progression of the materia to ad in future

efforts.

5.5 Summary

The mechanica behavior of the fibrous monolith materids show advantagesin both
strength and toughness over the neat materid in the presence of the various stress
concentrations tested. In generd, the two fibrous monolith materids showed nearly the same
behavior for agiven notch length. Slightly higher fallure loads, displacements, damage zone
gzes, and tota work of fractures were detected in the materid with the larger microstructura
features.

For agiven notch length, except for that with an a/W of 0.3, differences were seenin
the digplacements for the fibrous monolith materials when measured near the notch opening
versus a the point of gripping. When comparing the behavior and fractures for the various
notch lengths and materids, it was found that the fibrous monolith materias exhibit behavior
which isdtered by the length of the notch while the neat materids exhibit behavior whichis
dtered by the stress concentration at the notch. The neat materia showed identica fracture

morphologies for the various notch lengths and the behavior could be modeled by LEFM
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relationships. LEFM relationships do not correctly modd the notch size effect in the case of the
fibrous monalith materids. The net- section stress is amore accurate prediction of the behavior
if the correct tendle strength of the meterid is consdered to be higher.

The tota work of fractures for the fibrous monalith materids are higher compared to the
neat materia. The WOF; data plotted in terms of ay/W ratio for the FM materids shows a
trend which could be described by damage initiation and progresson mechanisms with further

understanding of the tenslle failure behavior.
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Figure 5.1 Results of fracture testing a FM specimen with the finer microstructure and an a/W of 0.3 a room temperature. (a) load or
microgtrain and AE count versus CMOD plat, (b) x-ray radiograph, (c) thermd diffusivity image, (d) ultrasonic c-scan, (€) acoustic emisson
hisogram.
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Figure 5.3 Reaults of fracture testing a neat specimen with an ay/W of 0.3 at room temperature. (a) load or microstrain and AE count versus
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Figure 5.4 Results of fracture testing the fibrous monolith and nest materids with a/W of 0.3 at 1150°C. (a) applied stress versus CMOD plot,
(b) x-ray radiograph of FM with fine microstructure, (c) x-ray radiograph of FM with coarse microstructure, (d) photograph of nest material
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Figure 5.5 (a) Fracture behavior of SsN4-BN FM materials with an a/W of 0.3 as captured
by an extensometer near the crack (notch) mouth opening.
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Figure 5.5 (b) Fracture behavior of SzN4-BN FM materids with an ay/W of 0.3 as captured
by an extensometer near the point of loading.
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Figure 5.6 Fracture surfaces (a) from afailed neat pecimen and (b) from afailed fibrous
monolith specimen, both with an a/W ratio of 0.3.

()

Figure 5.7 Photographs (a) and (b) are from the respective FM materials taken from the edge
view oppogte the notch after failure. The photographs show how the cracksiinitiate at the cell
bundlesin the 45° plies and how cracks are deflected adong the cdll bundles.
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Figure 5.8 (&) Fracture behavior of SstN4,-BN FM materids with an ay/W of 0.1 as captured
by an extensometer near the crack (notch) mouth opening.
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by an extensometer near the point of loading.
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Figure 5.9 (b) Fracture behavior of SzN4-BN FM materidswith an ay/W of 0.2 as captured

by an extensometer near the point of loading.
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by an extensometer near the crack (notch) mouth opening.
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Figure 516 Fracture surfaces. (a) neat SNy, (b) [-45/0/+45]s fibrous monolith, and (c) quasi-isotropic fibrous monalith.
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CHAPTER 6

SINGLE LOAD-UNLOAD AND CYCLIC TESTING OF NOTCHED SPECIMENS

The results from single load-unload and cydlic testing of fibrous monoaliths are presented
and discussed in this section. Specimens from each microstructure were tested to various load
levels and unloaded for evauation using x-ray radiography, therma imaging, and ultrasound.
The first two sections present the mechanical test data, including the acoustic emisson data, as
well as the results from the NDE obtained from single load- unload tests and from cyclic loading
tests. The last section discusses the results in terms of total work of fracture and absorbed
energy of fracture or the work of fracture. The results from the load-unload testing, combined

with the data for the notched fast-fracture tests, are given in Table 6.1.
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Test [Notch Size| Microstructure Tl el ThTtial unfoadng unfoadng WOF estimated Fracture
Temp a,/W ID # E (CMOD) [Compl (CMOD) Compl (L-ptd| Max Load Compliance CMOD @ Compliance | load ptd @ | Net Section Kq apmy Ko (nitany Ko Gnitany otal - Lpd Compliance Energy
(°C) (GPa) (m/N) (m/N) (kN) (CMOD) max load (L-ptd) max load Stress (MPa) (MPajm) (MPajm) (MPajm) (kN*mm)/mm~2) at failure - LPd plastic only LPd
125 ym 97-B58 - = b 6.9614 == 0.015469 bl 0.058381 - 140 na 529 7.03 3873.68 bl el
failed in grip
0.1 250 ym 97-B78 - = b 9.0926 == 0.011403 bl 0.045703 -122 na 858 9.73 2764.84 bl el
did not fail
Neat 97-K37 268 0.898 4.1036 == 0.0036818 bl 0.052943 95.5 7.66 = == 23324 bl el
125 pm 97-B55 211 2.19 6.815 - 0.034482 - 0.054661 154.15 16.91 7.69 9.93 3945.65 - -
0.2 0.035487 0.056092
250 pm 97-B70 203 153 8.817 - 0.033409 - 0.051226 133.79 14.68 749 11.65 4252.57 - -
97-B43 215 357 - 54714 - 0.039594 - - 141.88 18.20 6.32 10.81 - - -
97-B47 - - 1215 4.916 - 0.034498 - 0.047506 126.49 16.36 6.66 9.98 1908.86 7.32 362.70
97-B57 224 3.48 10.76 4.983 - 0.034665 - 0.04804 129.28 16.75 5.88 10.76 2157.84 7.32 647.93
97-B4%a 214 3.65 6.83 168 3.81 0.0065116 6.8 0.011161 na na 176.60 - 7.27
(oagunioad)
97-B53 214 3.62 7.5 329 4.4 0.015968 7.61 0.027187 na na 819.64 - 83.32
(oad unioad)
125 pm 97-B42 254 3.56 6.71 385 519 0.022196 7.02 0.028046 na na 1014.29 - 100.21
(oad unioad)
97-B49b 213 3.68 6.67 432 4.95 0.022539 7.01 0.030908 na na 1254.59 - 86.66
(oad unioad)
97-B59 1.9968 0.00416684 0.0088011 0.006829202 0.013164 na na 253.36 bl 11.59
(eycied)
23 3.0349 0.004652678 0.015305 0.006970098 0.021177 na na 608.09 - 33.39
35173 0.004995255 0.019222 0.007076139 0.024898 na na 800.69 - 12.32
4.0059 0.005670542 0.025274 0.00725058 0.029763 na na 1114.91 - 85.59
3.5357 0.005671828 0.022697 0.007248478 0.036631 na na 805.60 - -
3.8593 0.015679634 0.025734 satutated 0.039207 na na 99257 bl el
1151.05
0.3 20.060821?
97-B65 - - 4.28 8.02 - 0.048321 - 0.045217 139.68 18.12 5.08 9.04 2600.06 470 884.60
97-B75 206 25 - 7.6881 - 0.046468 - - 1335 16.95 7.16 10.58 - - -
97-B67a&b 214 2.4 4.38 112 242 0.0027806 4.3 0.004865 na na 33.74 - 1.68
(foad unioad)
214 2.4 2 247 0.005851 427 0.0093104 - - -
na na
97-B73 206 253 4.55 4.006 298 0.012155 4.63 0.01946 494.67 - 34.93
(foad urioad)
97-B81 200 2.6 4.5 6.15 3.87 0.026692 4.68 0.029706 na na 1155.22 - 94.91
250 pm (load unload)
97-B67c 209 245 4.31 7.54 3.94 0.032352 467 0.036418 na na 1679.73 - 14457
(oad unioad)
97-B69 20335 0.002543623 0.0053445 0.004407422 0.008872 na na 116.88 - 10.64
(oad unioad)
3.9998 0.002826855 0.011914 0.004369674 0.018029 na na 44459 bl 2328
5.0134 0.003009148 0.015799 0.004457122 0.023181 na na 712.94 - 41.50
6.0027 0.003246121 0.020153 0.00448109 0.027759 na na 1002.52 - 15.39
6.5034 0.003414834 0.02302 0.004533503 0.030621 na na 1194.46 - 37.58
7.0103 0.003619254 0.026175 0.004617871 0.033483 na na 1403.45 - 46.77
75171 0.003870868 0.029877 0.004712313 0.036917 na na 1630.21 bl 15.84
1785.78
97-K32 287 313 1.9932 - 0.0062799 - 0.011087 59.87 7.72 - - 22541 - -
Neat
97-K36 289 313 2.088 - 0.0065094 - 0.012878 62.45 8.07 - - 284.90 - -
125 pm 97-B46 - - - 3.307 - 0.046849 - 0.031766 118.96 17.86 8.10 10.80 1051.59 - -
0.5 250 um 97-B62 - - - 5.062 - 0.056684 - 0.10173 12217 18.35 5.44 9.06 145352 - -
Neat 97-K33 262 8.06 1.1065 - 0.0090101 - 0.0057235 46.36 6.96 - - 48.07 - -

Table 6.1 Ligsthe datafrom the fast-fracture, the single load-unload, and the cyclic tests.
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6.1 Single Load-Unload Tegting

Single load-unload tests were performed on the two fibrous monoalith materids usng
notched specimens with an a,/W ratio of 0.3. Three specimens from each microstructure were
loaded to different stress levels, unloaded, removed from the test frame, and inspected using
various NDE techniques. The first specimen from each microstructure was loaded until the first
AE event was detected. The second and third specimens from each FM materid were |oaded
to two progressively higher levels above the first AE event but below the failure stresses. Upon
completion of the NDE, the specimens unloaded at the onset of AE were reloaded to 85-95%
of each materid’ s suspected failure stress and unloaded. They were then re-evauated a second
timeviaNDE.

Target loads for angle load-unload testing were chosen based on eventsin the load
versus crack mouth opening displacement traces, the microstrain data, and the acoustic emission
data observed during fast-fracture testing. Anillugtration of this Srategy isgiven in Figure 6.1.
Shown in the figure are the fracture data obtained from specimen 97-B47. Lineshave been
added to indicate the target test loads.

The average falure loads from fagt-fracture tests on the fine and coarse microstructures
were 5 kN and 8 kN, respectively. Thefirst AE events, and concelvably the onset of damage,
corresponded to about 2 kN for both fibrous monolith materids. This was about 40% of the
falureload in the fine microstructure and about 25% in the coarse microgructure. The target
loads for the two intermediate-load level specimens of the finer microstructure were 60% and
80% of thefallureload, or 3 and 4 kN, respectively. The corresponding stress levels were 54

MPaand 72 MPa. For the coarse microstructure, the target load levels were 50 and 75% of
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the ultimate, or 4 and 6 KN. The corresponding stresses in this case were about 48 and 73
MPa, smilar to those used for the fine structure. Table 6.2 gives a summary of the actud loads

(and stresses) achieved in each test.

Microsiucire | SPeCmen | MaxTes | Max Suess | Percentof e
97-B49a 1.68 30 34
125 97-B53 3.29 59 66
97-B42 3.85 69 77
97-B49b 4.32 78 86
97-B67a 1.12 13 14
97-B67b 2.00 24 25
250 97-B73 4.01 49 50
97-B81 6.15 75 77
97-B67cC 7.54 91 94

Table 6.2 Ligsthe actual test loadsin Sngle load-unload testing.

The results from testing to a peak load of 2 kN on the fine celled materia (97-B49) and
the coarse celled materid (97-B67) are shown in Figures 6.2 () through (€) and in 6.3 (a)
through (e), respectively. Figures 6.2 (a) and 6.3 (a) show the load-displacement traces
obtained by both the CMOD and LPD extensometers as well as the number of AE events
collected. The NDE results, including an x-ray radiograph, atherma diffugvity image, an
ultrasonic ¢-scan, and a AE data location histogram are given in (b) through (€). The load-
displacement traces for the respective materids are shown to be linear with no discernable

hysteres's, and dthough afew AE hits were detected, the NDE techniques provided no
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evidence of damage. The x-ray radiographs and the IR images are identicd to the pre-test
images. No pre-test ¢c-scan was obtained for comparison in either case.

The data obtained for the specimen with the coarser microstructure, 97-B67, requires
some explanation. This specimen was unloaded around 1 kN after an AE event was detected.
This was bdlieved to be within the eastic response region of the materid and the decison was
made to reload the specimen to the origind target load of 2 kN. Based on the smilarity of the
reloading curve, the 1 kN load excurson appears to have had no effect upon the subsequent
reloading. During the second load excursion, the data acquisition system failed and thus the
dashed line indicates the assumed behavior to the peak test load. Both traces are linear with no
hysteres's, suggesting that there was no damage to the specimen. The ¢-scan, on the other
hand, shows alarge region with Sgnd attenuation. This, however, ssemed inconsstent with the
low loads and linear |oad- displacement traces, suggesting a possible problem with the scan
itsalf.

Reaults for specimens 97-B53 and 97-B73, which were run to 3.29 kN and
4.01 kN respectivey, are beginning to show hysteresis and permanent offset. However, whilea
ggnificant number of acoustic emission events were detected, there was no indication of damage
on theradiographs or the IR image. The ¢-scan probably does not show any change as well,
however, the interpretation is not definitive without a pre-test scan. See Figures 6.4 and 6.5 for
the results from specimens 97-B53 and 97-B73, respectively.

Specimens 97-B42 and 97-B81 which, were tested to higher loads yet, show even
more hysteresisin the load-digplacement traces and permanent offset in the displacement. The

data for these specimens are shown in Figures 6.6 and 6.7, respectively. In both materids, a
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sgnificantly larger number of acoudtic emisson hits were dso detected. The radiographs and
thermal images ook identica to the pre-test scans. The c-scans on the other hand, hint that
thereis evidence of damage.

The c-scan for specimen 97-B42 may show a smdl growth of the attenuated areain the
vicinity of the notch. Thereisaso agtrip of attenuated area on the scan that corresponds to the
gpecimen edge. Thesgnd attenuation in this case is attributed to plate edge defectsin the
materid. This specimen came from a plate edge and the notch was machined on that outer plate
edge as explained in Chapter 3. The ¢-scan for specimen 97-B81 dso may show a small
growth of the attenuated arearight behind the notch. The AE location data seems to verify that
there may be some form of damage right behind the notch.

Specimens 97-B49 and 97-B67, which had aready been tested to 2 kN and unloaded,
were re-tested close to the measured fallureloads. The specimen with the smaler cdllsis
labeled "97-B49b" as this test was the second |oad-unload cycle and specimen 97-B67 is
labeled as"97-B67c" asthistest was actudly the third load excurson for this specimen. The
respective test loads for the two specimens were
4.32 kN and 7.54 KN. See Figures 6.8 and 6.9 for the load- displacement traces and the
corresponding NDE images.

The data in each case showed hysteresis and alarge number of AE hits. A fewer
number of AE hits and asmdler displacement were captured for 97-B49b than for specimen
97-B42 which was tested to alower load. This may be attributed to specimen-to-gpoecimen

variability or possibly due to the previous loading cycle in specimen 97-B49b. The specimen
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with the larger cdls, 97-B67c, showed alarge permanent offset and alarge number of AE hits
over any of the previous tested specimens from that materidl.

In the case of specimen 97-B49Db, the c-scan and AE event history show evidence of
damage. The c-scan shows an attenuated area behind the notch off to the left sde. The
acoudtic emisson location plot dso shows alarger number of events on the left sde of the
notch. For specimen 97-B67c, the thermd image, c-scan, and AE dl show evidence of
damage in the vicinity of the notch. Both specimens were c-scanned following the first load-
unload cycles so there are pre-test scans which can be compared. However, as explained
earlier, the c-scan done on specimen 97-B67 after the first load-unload cycles may not have
been done according to the cdibration procedures. It is ill believed, however, that achangein
shape of the attenuated area behind the notch is evidence of a change in the structure and not

from differences in scanning procedures.

6.2 Cyclic Testing

In addition to the single load-unload tests, a cyclic test was run on a single notched
gpecimen from each microstructure. For the cyclic tests, the specimens were loaded and
unloaded near the same stress levels as the previous single load- unload tests, but without being
removed from the test machine. Thistest was to provide information about the energy being
absorbed and compliance a the various load levels using a single specimen instead of using
different specimens. The specimens that were cyclically loaded were dso ingpected using the

various NDE techniques, but only after the find load cycle.
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Specimen 97-B59 was loaded and unloaded severd times up to a maximum load of
around 4 kN. The |load-displacement data are shown in Figure 6.10 (a) and 6.10 (b). Thistest
was prematurely stopped dueto aload limit being reached, and then restarted. The data
obtained after the test was restarted are shown in Figure 6.10 (b). The load-displacement
traces from this specimen before the restart show increasing permanent offset as the load
increases. Upon re-dtart, it was attempted to repest the last two cycles but alarge changein
the CMOD, presumably due to damage, prompted the unload. The specimen was
subsequently reloaded to asmal load, which showed that the specimen till had load-carrying
capability.

For this specimen, there is no detectable damage seen in the x-ray radiograph but there
is a damage zone behind the notch as detected using the therma and ultrasonic techniques. The
specimen itself showed no damage detectable by eye, therefore, it is presumed that the damage
shown includes cracks emanating +45e from the notch which outline an area of interply
ddaminaion. Deamination type cracks are not readily detected usng x-raysunlessthereisan
appropriate aspect ratio to the defects alowing for more x-rays to penetrate the specimen and
expose the film.

The specimen with the larger cells, 97-B69, was loaded and unloaded up to a maximum
of 7.5 kN. The load-displacement data again show that permanent damage is being induced
through the formation of hysteresis|oops with increased load. None of the NDE techniques
goplied in this case show any conclusive evidence of damage. See Figures 6.11 (a) through

6.11 (d) for the datafrom this specimen.
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6.3 Fracture Energy

The total energy and the absorbed energy were caculated for each single load-unload
and cyclic test using the load versus displacement data obtained from the load- point
displacement extensometer. Thetota energy, or total work of fracture (WOF), was ca culated
using only the loading portion of the traces for both the single load-unload and cyclic loading
tests and the cross-sectional areas of the specimen in each case. The absorbed energy, or
work of fracture (WOF), was measured using the nomina area of the loops formed by each
load-unload cycle. Thesevaues are per unit area. Refer to Table 3.2 for the definitions and
physical meanings for tota work of fracture versus work of fracture,

WOF+ for each materid are plotted in Figure 6.12 againgt normdized load. The
normalized load isthe test load divided by the falure load measured during fracture testing.
Included on this plot is the tota work of fracture measured for the fast-fracture test specimens
with an ay/W of 0.3, including the neat materid specimen. Aswas shown in the WOF; versus
a/W plot in Figure 5.18, the materia with the coarser microstructure has a higher totd fracture
energy than the materid with the smdler microgtructurd features. Prior to the failure point,
however, the data from the two fibrous monolith materials are grouped tightly together and are
nearly identica, with no aorupt changesin the data. For this crack length the fibrous monolith
materias demonstrate a subgtantidly greeter energy absorbing ability over the monolithic
meterid.

The WOF is plotted againgt normdized load for the fibrous monolith specimensonly in
Figure 6.13. Work of fracture was dso caculated for the fibrous monolith specimens tested to

falure and are included in the plot. The work of fracture for the fractured specimens was
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caculated usng an estimated compliance a fracture that was extrapol ated from the load- unload
and cyclic test data.

To estimate the compliance a failure for each materid, an average compliance was
found over the entire unloading curve for each load- unload excursion. The average compliance
was plotted againgt normdized load. A curve wasfit to the data and a compliance value
corresponding to the failure load was extrapolated. Plots showing the compliance predictions
for the respective fibrous monolith materids are provided in Figures 6.14 (a) and 6.14 (b). A
threshold vaue is shown on each plot that corresponds to the lowest compliance value
measured for each materia during the modulus determination portion of each test. The modulus
determination procedure was described in Chapter 3. The average compliance at failure was
found to be 7.32 x 10° VN for the fine microstructure and 4.7 x 10°for the coarse
microstructure.

The compliance estimates were then used to calculate the plastic contribution of the
falure energy by subtracting the eastic portion (the area under the curve generated by the
compliance) from the total area under the fast-fracture loading curves. An example of the
compliance curves generated for the fractured specimens are shown for the fibrous monolith
materidsin Figures 6.15 (@) and 6.15 (b). Theinitid loading portion of the data for specimen
97-B47 were not recorded due to problems with the LPD extensometer and have been
extrapolated. The corresponding portion of the compliance curve for 97-B47 is shown by a
dashed line. The compliance curves for both specimens are shown to follow the dope of the

initid loading curves well and are thus thought to be reasonable estimates.
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The plot of work of fracture versus normdized load in Figure 6.13 shows that the
mgority of the energy absorbed is aresult of mechanisms that occur near materid falure,
Around 75% of the total energy absorbed occurs after testing to aload which is 90% of the
falureload or greater. Both materids show a smilar magnitude of absorbed energy until falure,
where the materid with the larger cdl bundles shows ahigher work of fracture. Nomindly the
values of work of fracture for the two fibrous monolith materials were approximately 648 Jnt

and 885 Jn¥, respectively.

6.4 Discussion

6.4.1 Discrepanciesin NDE results

The load-displacement (with AE) data presented in sections 6.1 and 6.2 show that
permanent damage is being induced progressively with increasing load through measurable
permanent offset in displacement for both fibrous monolith materids. Thisis shown quditetively
by the load-unload traces in Figures 6.16 and 6.17 for the fibrous monoalith materid with the
finer microstructure and coarser microstructure, respectively. However, none of the imaging
NDE techniques, except possibly the ultrasonics, identifies any damage at those loads.

The corresponding ultrasonic ¢-scans around the notched area are shown dong with the
sangleload-unload curves for both materials in Figures 6.16 and 6.17. From Figure 6.16, it is
gpparent that the ultrasonic technique has identified a damage zone behind the notch in 97-B49b
compared to 97-B49a. The same may be said for specimen 97-B67c¢ in Figure 6.18, however,

the scans are not directly comparable as explained earlier.
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The other imaging NDE techniques did not show the same results due to the nature of
the damage experienced by these materids. The physcad sze and morphology of the damage
may be finer than that which is resolvable by the methods used in this sudy. Thermography did
show evidence of damage compared to the as-received image on specimen 97-B59 as shown
in Figure 6.10 (c) and possibly for 97-B67c in Figure 6.9 (c). The radiography technique did
not detect the damage in either case. It is suggested that this was because the damage was
interlaminar. Although the radiography did show the ability to discern interply cracking in the
case of the fast-fracture tests given in Chapter 5, the technique is not very well suited for that
type of damage detection unlessthere is alarge enough aspect ratio to the anomoalies.

6.4.2 Behavior in Terms of Energy

The trends in tota and absorbed energy per unit area show that the two fibrous
monolith materias behave smilarly except near the falure loads, where the materid with the
larger cell bundles demondtrated a higher work of fracture. The differences in work of fracture
between the two materids are thought to be due to the effect of the cell bundle Sze on the
fracture mechaniams. Estimates of the work of fracture for both materials using concepts of

Kovar and Thouless '# 1924

predict agmilar difference in work of fracture between the
materias as was measured in this study.

Kovar and Thouless *®** %% studied the work of fracture of fibrous monoalith in
bending. They described work of fracture in terms of two mechanisms. delamination (or
interfacid cracking) and frictiona diding due to crack kinking. The equations and varigbles

used by Kovar and Thouless to describe the crack area crestion and the frictiona diding

mechanisms were described in section 2.3.1.4 of this text and are shown below.
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(1) We=W_+W,

=GAL *+ GA
and
(2) WS = rha‘its
where
Ws=Wc+ Ws

Usng this andysis, they were able to predict anomina work of fracture in bending accurately
compared to that measured by King"’. Nomina predictions for work of fracture using the
above andyssin this sudy are not accurate due to the test conditions and materia
architectures. However, the above equations are used for a relative comparison between the
two different microstructures.

Severd assumptions are made to complete the andyss. Fird it is assumed thet thereis
no contribution to absorbed energy by the 45 plies. Since the dominate microstructurd feature
was shown to be the cdll bundles and not the individud cdlls, the equivdent area of cdll bundles
in the axid direction are used in place of the cell arealin equation 1 above. The cadculation of
the uniaxia cdl bundle area excludes the area of the BN phase between the individud cdls. A
second assumption is that values measured by Kovar and Thouess'® ** % * for interfadid
fracture energies, cdl dip distance, and frictiond diding resstance are gpplicable. Itisdso
assumed that dl of the cell bundies and al of the cell bundle boundaries fracture. See Appendix
G for the cdculetions.

A comparison of the Wr ‘s caculated for each microstructure show that the materia
with the larger cell bundles should dissipate about 31% more energy upon fracture than the

materia with the smaler bundles. A comparison of the WOF vaues from Figure 6.13 for the
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respective materids shows that the materid with the larger cell bundles absorbs about 27%
more energy. Since the percent difference in energy predicted and measured are nearly
identical, it is concluded that the dominate fracture mechanisms are the samein tenson and asin
bending and that there is probably no contribution to the absorbed energy by the 45 plies.
Before reaching fracture, absorbed energies are identical for the two materids.
Therefore, it is assumed that the dominant mechanisms for energy absorption are not effected by
the cell size. Trice”” has considered other deformation models based on the crack progression
of pre-existing microcracksin the BN and the peding or cleaving of the boron nitride. His
description of sub-microscopic damage may be consstent with the results of this study where
damage was evident by the load- displacement traces and AE events but was too smdl to be
detected using conventiond NDE imaging techniques. It may be shown with further sudies that
energy absorption models should include contribution of microcracking on the sub-microscopic

levd aswadl.

6.5 Summary

Fibrous monolith specimens from both the coarse and fine microstructures were tested
to various load levels and unloaded for evaluaion usng non-destructive techniques and
absorbed energy caculations. 1t was found that for the higher loads, permanent damage was
being accumulated as evidenced by hysteress and permanent offset in strain. However, the
damage is thought to be associated with interfacid ddlamination that istoo smal to be
detectable with the NDE techniques used. The WOF associated with absorbed energy shows

that the two materias behave smilarly until fracture, where the dominant energy absorbing
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mechanisms are associated with large ddamination crack area cregtion and frictiona diding.
Energy absorption based on these mechanisms shows an effect of the cdll bundle size when

identical volume fractions of cdl bundles are tested.
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Figure 6.2 Results of load-unload testing a FM specimen with the finer microgtructure and an ay/W of 0.3 at room temperature. (a) load versus
displacement plot, (b) x-ray radiograph, (c) thermd diffusvity image, (d) ultrasonic c-scan, (€) acoustic emisson histogram.
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Figure 6.3 Results of load- unload testing a FIM specimen with the coarser microstructure and an a/W of 0.3 a room temperature. (a) load

versus displacement plot, (b) x-ray radiograph, (c) thermd diffusivity image, (d) ultrasonic ¢-scan, (€) acoustic emission histogram.
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Figure 6.4 Results of load-unload testing a FM specimen with the finer microgtructure and an ay/W of 0.3 at room temperature. () load versus
displacement plot, (b) x-ray radiograph, (c) thermal diffusivity image, (d) ultrasonic c-scan, () acoustic emission histogram.
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Figure 6.5 Results of load-unload testing a FM specimen with the coarser microstructure and an ay/W of 0.3 at room temperature. (a) load
versus displacement plot, (b) x-ray radiograph, (c) thermd diffusivity image, (d) ultrasonic ¢-scan, (€) acoustic emission histogram.
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Figure 6.6 Results of load-unload testing a FM specimen with the finer microgtructure and an a/W of 0.3 at room temperature. () load versus
displacement plot, (b) x-ray radiograph, (c) thermd diffusvity image, (d) ultrasonic ¢-scan, (€) acoustic emisson histogram.
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Figure 6.7 Results of load-unload testing a FM specimen with the coarser microstructure and an &/W of 0.3 at room temperature. (a) load
versus displacement plot, (b) x-ray radiograph, (c) thermd diffusivity image, (d) ultrasonic ¢-scan, (€) acoustic emisson histogram.
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Figure 6.9 Reaults of load-unload testing a FM specimen with the coarser microstructure and an a/W of 0.3 a room temperature. (a) load
versus displacement plot, (b) x-ray radiograph, (c) thermd diffusivity image, (d) ultrasonic ¢c-scan, (€) acoustic emission histogram.
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Figure 6.15 (8) Plot illusirating how the estimated failure compliance was used to discount the
elagtic energy a failure for the materid with the smdler cdl bundles.
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Figure 6.15 (b) Plot illustrating how the estimated failure compliance was used to discount the
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Figure 6.16 Quditative representation of the results from the mechanical testing and the ultrasonic ¢-scanning for the specimens loaded to 35%,
65%, 77% and 86% of the estimated failure load for the material with the smaler microstructurd features.

147



High
attenuation l

nominal cell size = 250 ym

Figure 6.17 Qudlitative representation of the results from mechanica testing and ultrasonic c-scanning for specimens loaded 25%, 50%, 77%
and 94% of the estimated failure load for the materia with the larger cdll bundles.
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CHAPTER 7

MICROSCOPIC INSPECTION

Selected fibrous monolith MSE(T) specimens were sectioned and polished for
microscopic ingpection following mechanicd testing. The type and extent of damage devel oped

from testing to the various load levels were documented using opticad microscopy.

7.1 Procedure

The specimens ingpected were those with an a/W of 0.3 that were tested under the
load-unload regime and those that were fracture tested from each microstructure. The surfaces
and edges of al specimens were first ingpected under low magnification (<32x) before they
were sectioned. None of the specimens tested under the load- unload regime showed any
surface damage detectable at low magnification. Damage was visible on the surfaces of the

fractured specimens. Cracks could be seen in the 45 surface plies as shown in Figure 7.1.
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Next, the specimens were sectioned and polished. Each specimen was sandwiched
between two pieces of glass to protect the surfaces from burring and shear lips while sectioning.
Severd 24 mm x 5 mm sections were cut from the middle of each specimen, centered on the
notch plane, such that the ingpection surfaces were perpendicular to the notch plane (parald to
the tendle direction). See Figure 7.2 for aschematic drawing which illustrates how the tested
MSE(T) specimens were sectioned for ingpection. The ingpection sections were labeled as #1,
#2, and #3, with #1 being the section right behind the notch tip as shown on the figure.

The cut sections were mounted in a colored epoxy using vacuum infiltration. The
mounted samples were polished using an automatic polisher on perforated textmet and diamond
suspension. The coarsest diamond used was 15um and the smallest was 1um. The samples

were examined usng a high powered optical microscope.

7.2 Inspection Observations

7.2.1. Single load-Unload Specimens

All specimens from both microstructures were examined except for the specimens
tested to the lowest loads. These specimens were re-tested to |oads near the expected failure
loads and were not sectioned until after the last load-unload cycle. The #1 inspection sections
showed athrough- thickness type crack behind the notch of each specimen examined. An
example of the cracks seen in the vicinity of the notch tip are shown in Figure 7.3 (). The
micrograph shown in Figure 7.3 () shows evidence of the notch being polished away with the
crack to the left of the notch’ swake. For comparison, an as-received specimen was notched,

sectioned, and polished in asimilar manner. The micrograph for the as-recelved specimensis

150



shown in Figure 7.3 (b). It was found that no such cracks existed in the as-received materid
and therefore it was determined that the damage seen in Figure 7.3 (@) was due to testing and
not from the notching procedure.

Crackswere dso found in BN cdl boundariesin the vicinity of the notch in both
microgtructures. The two specimens showing evidence of this were both tested to the highest
loads before unloading. An example of the cracks found in the BN is shown in Figures 7.4 (a),
(b), and (c) a three different magnifications. The figureis of ingpection section 97-B49b-#1
after being lightly polished. At the highest magnification, one can see that the crack hasa
torturous path, but it stays within the cell boundary. Thistype of crack morphology is consstent
with observations reported by studies at the University of Michigan %%

Specimen 97-B49b-#1 was polished further to determine if there were other cracks
behind the notch amilar to thosein Figure 7.3 (). The same type of through-thickness crack
was found adjacent to the notch. See Figure 7.5 for amicrograph of the damage observed
upon further polishing. The crack location seems to be consstent with the ultrasonic ¢-scan of
97-B49b that shows an attenuated area off to one side of the notch.

The #1 ingpection section from the gpecimen with the coarser microstructure, 97-B67c,
aso showed evidence of both through-the-thickness types cracks and cracks in the BN
interphase materid. This section is shown in Figure 7.6. The damage found is dso thought to
be evident on the corresponding ultrasonic ¢-scan and possibly in the thermd diffusivity imege.

In the ingpection sections located further away from the notch, #2-#4, no cracks were
identified except in specimen 97-B67c. Again, specimen 97-B67¢ had the coarser

microstructure and was tested to the highest load level. A limited number of hairline cracksin
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the BN cell boundaries between the O plies and both the adjacent 45- plies were indentified.
See Figure 7.7 for an example of how fine the cracks appear. The cracks identified were about
the length of acdl bundle (2mm) and had a tand-off of about 1 um in magnitude. One of the
cracks identified within ingpection section #2 is shown in Figures 7.8 (a), (b), and (c) at three
different magnifications. The crack shown isin-between two of the 45¢ oriented cdll bundles on
the specimen surface. The crack extends inward to the O ply. At the interface of the 45°
surface ply and the O ply within the BN boundary, the crack is deflected in both directions and
runs pardld to the Qe ply.

The type of hairline cracks observed in the BN interphase of specimen 97-B67¢ were
not identified in any of the other specimens except what has dready been discussed for
specimen 97-B49b-#1. Thisis consgtent with the fact that damage was not positively detected
by the NDE techniques for the other specimens. However, difficulties associated with polishing
this materid may hinder optica verification. The graphitic structure of the BN materid and the
exigence of microcracking alows for pull-out when polishing. As aresult, spotty areasin the
BN make fine hairline cracks difficult to discern. Successful polishing procedures were found to
indude using low weight and minima palishing fluids

7.2.2 Fast-Fracture Specimens

One specimen from each microstructure that had been fracture tested was dso
sectioned and polished for ingpection. Observations made from these specimens showed good
correlation to the NDE images. In these specimens, alarger stand-off of the cracks make them
eadly detectable by the NDE, especidly in the x-ray radiographs. An example of thisisgivenin

Figure 7.9 for specimen 97-B59, which has the finer microstructure.
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Pictured in this figure are the radiography image and schematic drawings of the damage
found on four different polished surfaces. Interlaminar delaminations and through-thickness type
cracks could be identified in the successve cross-sections. The interlaminar cracks are shown
to run left and right whereas the intrdlaminar cracks are shown to run up and down on the
schematic drawings. Each section, except for #1, contained both an interlaminar crack between
the -45e front surface ply and the neighboring O ply as well as athrough-thickness type
intralaminar crack within the -45¢ surface ply on theright Sde of the notch. The interlaminar
crack identified between the surface plies was observed to get longer with each successive
section. It was aso observed that with each successive section the through-thickness type
crack in the -45¢ surface ply appears farther away from the center notch plane. This
observation was conggtent with the "fanning out" of the damage zone in the -45 direction on the
right sde of the notch detected by the x-ray radiograph.

On the left Sde of the notch, both delamination and through-thickness type cracks were
identified between the inner plies of the specimen. Cracks appeared to get farther away from
the center in sections #2 and #3 as they followed the +45¢ angle of the cdll bundles. The same
damage identified in sections #2 and #3 did not appear in section #4. In section #4 acrack at
the front surface, which is an extensgon of the delamination from the right Sde of the center notch
plane, was identified. In the x-ray, the damage zone to the left of the notch was not observed to
continue "fanning" across the width of the specimen. Accordingly, damage gppeared more
extensve in sections closest to the notch tip (sections #2 and #3) on the left Sde of the notch.

Observations made of polished cross-sections of the ingpection samples from the faled

fibrous monolith specimens verified that dmost dl cracking occurs dong the perimeter of the cdll
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bundles within the BN interphase boundaries. Only afew instances were documented where
the cdll bundlesfailed. In addition, it was found that the cusps formed in-between the impinged
areas along the 0° plies seem to influence damage. Cracks are observed to occur in the 0° plies
at those points or cusps. The sharp points must act as flaws which dlows for crack kinking out
of the cell boundary into the 0° ply.

Other types of defects identified in the microstructures include jagged cdll edges, skewed
cdl bundles, and kinked 0° plies. None of these defects seem to influence the crack path. See
the micrograph in Figure 7.10 for an illugtration of how the cracks are influenced by the defects

inherent to the multi-filament cross-ply architecture and not other types of defects named above.

7.3 Summary

Observations made from optica inspection are consstent with the WOF and NDE
results which show that damage is not accumulated on a macroscopic scae until near failure.
Cracks directly behind the notch tip are evident in both materids at each loading condition
ingpected. Only the materids tested to the highest loads considered in this study show evidence
of cracking within the BN boundaries. A grester extent of fine cracks within the BN boundaries
were found in the materid with the larger cells. Cracks were seen in-between adjacent 45° cdll
bundles and in between the 0° and the 45° plies. These cracks tended to be about acell
boundary inlength. Other observations include the occurrence of large displacements between
plies in the composite upon fracture. Thismay explain the large increase in the WOF behavior
at loads near 90% of the failure load. Also, it was determined that the defects created by the

cross-ply architecture may adversdly influence the fracture behavior, and the other defects
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associated with multi-filament coextruded microstructure did not noticegbly influence the

fracture morphology.
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Figure 7.1 Micrograph at 6.3x of S3N4-BN fibrous monalith [-45/0/+45]s
with 125um cdls (2- 1 mm multi-filament strands) showing crack with 45° orientation coming
from the notch.

#3 — / T

#H —!

Section #1 —|_—gl: _____ ﬂ,{_ il 19.0 mm

looking down
the notch

Figure 7.2 Schematic showing the strategy used for sectioning tested specimens.
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Figure 7.3 (8) Micrograph a 32x of showing an example of the cracks found behind the notch
in the case of each single load-unload test.

Figure 7.3 (b) Micrograph at 64x of illustrating how no cracks are found in untested notched
specimens.
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(©
Figure 7.4 (a), (b), and (c) Showsacrack found in the BN around the notch found before
polishing down to the notch tip.
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Figure 7.5 Micrograph of 97-B49b section #1 after polishing down through the notch. Thereis
acrack adjacent to the notch.

crack behind the
notch tip

| crack inthe
BN cdl

Figure 7.6 Micrograph of 97-B67c section #1 after polishing down through the notch. Thereis
acrack adjacent to the notch and in the BN boundary near the notch.
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Figure 7.7 Micrograph which demongtrates how fine the cracksin the BN are even when
tested near failure.
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Figure 7.8 (a), (b), and (c) Shows a crack which gppearsto have initiated at the surface in the
BN and was deflected at the junction with the 0° ply.
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Figure 7.9 Microscopic sections compared to the x-ray radiograph. Sketches from individud
§pecimen sections were drawn from polished sections.
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Figure 7.10 Micrograph illugtrating that even in the presence of processing defects (skewed cell
bundles) the preferred crack path is the cell bundles and at the defects formed presumably due
to theimpinged 0° cdls
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 Summary

This investigation has addressed the issues of cell Sze dependence and notch sengtivity
on the fracture behavior of a SsN4-BN fibrous monolith ceramic through mechanicd testing and
non-destructive evduation. Fibrous monoliths (FMs) are fiber-less, textured, ceramicsthat
contain "cells’ of astrong phase and "cdl boundaries’ of areatively wesk phase. Fabrication
of fibrous monoalith materids congsts of traditiona powder ceramic processes relying heavily on
coextrusion techniques and hot-pressng. The materials consdered in this study were fabricated
usng a multi-filament coextrusion technique where multiple coextruded cdlls were re-extruded
to form cdll bundles and the resultant microstructure.

The fracture behavior of two S5N4-BN fibrous monolith systems, one with acdl sze
of 125 um and the other with a cdl size of 250 um, were compared to each other and to
monoalithic SsN4. The materiads tested were fabricated and provided by Advanced Ceramics
Research, Inc. Each fibrous monolith materid had a [-45/0/+45]s cell architecture, a 75%
volume fraction of S5N4, and bulk density of 3.06 g/ent. The mechanica behavior was
evauated through room temperature fast-fracture tendle testing of sraight-sided, dogbone, and

modified 9ngle-edge notched specimens with various
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notch to width ratios. Limited testing was also performed at 1150°C. A number of load-
unload and cyclic fracture tests were performed at room temperature in conjunction with severd
non-destructive evauaion (NDE) techniquesincluding x-ray radiography, thermography,
ultrasonic ¢-scanning, and acoudtic emission to determine the critical tages of damage initiation
and evolution.

The mean strength values obtained from testing unnotched straight-sided specimens
were 113 MPa +13 MPafor the materia with the finer cell size, and 126 MPa +4 MPafor the
larger cell sze materid. The mean value of modulus for both materids was found to be
approximately 200 GPa with a standard deviation in each case of 15 GPa. Two dogbone
gpecimens from each microstructure were also tested in order to address the effect of geometry
on the strength. The mean strengths measured for the materid with the 125 g cell Sze were
127 and 98 MPa and the strengths measured for the materid with the 250 in cell Sze were
106 and 114 MPa. Modulus vaues for the materials were approximately 250 GPa and 175
GPa, respectively. The average strength measured for neat SN, materid was gpproximately
504 MPa, while the average modulus was 280 GPa.

The damage observed in both fibrous monolith materials included widespread inter-ply
ddlamination, and failure of the 0° plies compared to brittle fracture of the neat SetN, materid.
Cracksin the fibrous monolith materias tended to follow a path around and between cdll
bundles, instead of the more desirable torturous path around single cells within the bundles of
the multi-filament coextruded microgtructures. The two materids tested herein not only had
differing individud cdl sizes but dso different cell bundle Szes due to the processng technique.

A comparison of the results obtained by testing straight-sided specimens of the two different
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fibrous monalith materids show thet there is gatigticaly no sgnificant difference in the strength.
However, alarger variability in srength from plate to plate was observed for the materid with
the finer microgtructurd features. It was suggest that the increase variability might be attributed
to a higher percentage of processing defects combined with the machine of thetilesand
specimens.

Fast-fracture testing of unnotched specimens show that the properties of the fibrous
monolith materids are directly related to the amount of reinforcing phase in the uniaxid direction,
and that the [-45/0/+45]s architecture being tested in this study may not provide for optimum
fracture resstance compared to neat SkN, materid. Fibrous monolith materids not related to
this study were used to address the effect of pecimen width on the strength. 1t was suspected
that the tendle results measured were low due to interaction of the interlaminar shear stresses.
The outcome of this experiment was inconclusive due to the limited number of data obtained.
These data were also used to show that a sgnificant difference in materiad properties can result
with changes in processing, thus pedigree of the fibrous monoalith materids should be considered
when comparing data.

Fracture behavior of the MSE(T) S3N4-BN fibrous monolith specimens tested
continuoudy to fallure show advantages in both strength and tota work of fracture over the neat
materid in the presence of the various stress concentrations tested. The strength for fibrous
monolith specimens with a notch-to-width ratio of 0.3 was shown to be about 9% greater and
the WOF; was as much as 80% grester than the neat materid. In generd, the two fibrous
monoalith materids showed nearly the same nont-linear behavior for a angle notch length while

the neat materid exhibited behavior that was linear to faillure. There were, however, some
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differences detected in comparing the two fibrous monolith materids. The materid with the
larger microstructura features showed dightly larger failure loads, displacements, damage zones,
and tota work of fractures over the materid with the finer microstructure.

When comparing the behavior and fractures for the various notch lengths and materids,
it was found that the fibrous monalith materids exhibit behavior which is dtered by the length of
the notch while the neat materids exhibit behavior which is dtered by the stress concentration at
the notch. The neat materia showed identica fracture morphologies for the various notch
lengths and showed behavior which can be modded by the stressintendity factor usng
equations from linear eadtic fracture mechanics (LEFM). The LEFM relationships do not
correctly model the notch size effect in the case of the fibrous monolith materids. Although
differences in the fracture morphologies were seen at the various notch lengths, the net- section
dressis amore feasible prediction of the behavior.

The mechanica data from single load-unload and cyclic tests on the fibrous monoalith
materias show hysteresis and permanent offset when tested to loads between 25% and 50% of
the average failure load (between 25 MPaand 50 MPa) for the respective microstructures.
Damage was a so evidenced by acoustic emission detection at loads aslow as 2 kN for both
fibrous monoalith materids. Non-destructive eva uation techniquesincluding x-ray radiography,
thermography, and ultrasonics did not show evidence of damage at test |oads below about 70%
of failure for each materid. Only specimens tested to 70% of the failure load or greater showed
anindication of damege. Even then, only the ¢-scans and thermography were able to detect any

cracking.
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Mechaniam of falurein flexure for SsN4-BN were identified by studies at the Universty
of Michigan as crack deflection, interply delamination, crack kinking, and cell diding. Recently,
it has been postulated that pre-existing microcracks in the cdll boundary phase contribute to the
damage progression through crack link-up and cleaving. Damage mechanisms associated with
microcracking at the lower loads are consstent with relationships seen in the data plots and the
fact that no damage was large enough to be identifiable usng the NDE techniques.

The plot of work of fracture versus normaized load shows that around 75% of the total
energy absorbed occurs after testing to aload which is 90% of the fallure load or greater. The
WOF s associated with absorbed energy shows that the two materias behave smilarly until
nearing falure where the dominate energy absorbing mechanisms may be associated with
delamination crack areaand frictiond diding. At fracture, the materid with the larger cell
bundles shows a higher work of fracture. Nominadly the vaues of maximum absorbed energy a
fracture for the two FM materials were approximately 648 Jn¥ and 885 Jnt, respectively.
Energy absorption based on these macroscopic mechanisms shows an effect of the
microgtructure festure Sze when identica volume fractions are tested.

Microscopic ingpection of the single load-unload specimens verifies that the maority of
damage due to testing below about 90% of failure may be on the submicroscopic scae, asonly
isolated cases of damage are detectable opticaly. Limited through-the-thickness type cracking
was evident at the notch tip for the specimens tested to the lowest load levels. Only the
specimen from the larger microstructure tested to about 94% of its estimated fallure load

showed other types of damage, including fine hairline type cracks between the cdll bundles
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within the 45° plies and between the 0° and 45° plies. In generd the interlaminar type cracks
seem span the length of acdl bundle and are estimated to be on the order of 1um wide.

Ingpection of the damage on polished sections from falled gpecimens reveded excdlent
correlation with the NDE. The radiography shows the most detall of the through-the-thickness
type cracks and delaminated zones compared to the other imaging techniques. Detection of
interlaminar cracks through the radiography is possible due to the occurrence of large
displacements of the plies rdative to one another upon fallure.

Other observations made from the polished sections show that the damage does not
seem to be influenced by some of the processing defects identified in both fibrous monalith
materids. Jagged individud cellsidentified within the cell bundles did not contribute to the
damage in elther materid as the dominant feature in the microstructure was shown to be the cell
bundles. Nether the cell bundles which became skewed or kinked from binder burnout and
hot- pressing nor the cdll bundles which have large differencesin individud cdll Szeswithin were
associated with preferred crack paths. The defects associated with the macrostructure formed
by the multi-filament coextruded cell bundles as aresult of the cross-ply architecture did show

to be andogous with the damage in both fibrous monolith materids.

8.2 Conclusons

The fracture behavior of the SsN4-BN materids tested in this study show non-
catastrophic behavior compared to monoalithic SsN4-BN when tested in tenson. The grestest
advantage of the fibrous monoliths tested over the neat materids was shown to be in the

presence of a dtress concentration. The fibrous monolith materids are insengtive to the stress
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concentration at the notch, presumably resulting from the wesk BN and the existence of pre-
existing microcracksin the cdll boundaries. The notch length effect observed was best
described by the net-section stress.

Theinfluence of individud cell size on the fracture behavior of the fibrous monalith
materias could not be determined by this sudy snce bundle sizes were not held congtant. Cell
bundle sze was shown to have an influence on displacements, extent of damage, and fracture
energies. Thetrend in absorbed energy, the NDE results, and the microscopic ingpection
indicate that damage evidenced by nontlinear |oad-displacement behavior may be
submicroscopic up to rdatively high loads. It is presumed the damage incurred initidly is
consgtent with mechanisms of microcracking while macroscopic disspative mechaniams
associated with delamination cracking and frictiond diding dominate near fallure. Energy
absorption based on the macroscopic mechanisms shows an effect of the microstructura feature
Sze when materias of identical volume fractions are tested.

Future research aimed at better characterizing progressve damage mechanismsin the
sub-millimeter structure of the materid is needed to correctly model and predict fracture
behavior of these materids. Other non-destructive evaluation techniques, such as
interferometry, may be better suited for detecting the smal displacements presumably caused by
the linking of microcracks and the cleaving of BN grains. Better resolution of the ultrasonics
and thermography methodologies utilized may be possble aswell usng variations of the
techniques and equipment. Since crack area cregtion and diding mechanisms seem to dominate
a falureintenson, interfacid energy parameters obtained for tendle loading conditions and

gpecimen geometries are warranted aswell. Further teting and andyss, using laminate theory
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equations, may be needed to address some of the issues found from tension testing including the
relationship between cdll architecture, stress state, and specimen width. Further effortsto
quantify the materid toughness parameters might dso consder using larger width specimens and
various /W rdios to vaidate existing fracture mechanics andyses. A more ided materid for
future sudy would include only single cdls versus multi-filaments due to the inherent defects

formed by the macrostructure.
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APPENDIX A

CALCULATION OF G FOR COMPLIANCE

G (energy release rate ) was needed to calculate atheoretical compliance used to find
modulus of the MSE(T) specimens. G is dependent on the height-to-width ratio and the
notch length-to width ratio for the MSE(T) specimen. Congtants used to solve the equation
below were developed by John and Rigling™.

6
G=2.9086 +§ C (aW)
i=1

(1-alw)¥2
Where

Ci = & Djj [log(HW)]'
0

And D j=

i j=0 i=1 j=2 i=3

1 -6.0503e+00 | 1.4389e+00 -1.2694e+00 0e+00

2 -1.4413e+00 | 2.2670e+01 -8.8785e-01 0e+00

3 6.4384e+00 | 4.7573e+00 | -5.2142e+01 0e+00

4 5.7307e+01 | -2.0564e+02 2.4435e+02 0e+00

5 -7.7132e+01 | 3.0193e+02 | -3.2597e+02 0e+00

6 3.0795e+01 | -1.2485e+02 1.3534e+02 3.8746e-01
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APPENDIX B
PREDICTION OF STRENGTH FOR Si;N4,-BN FM FROM LITERATURE VALUES

A rough estimate of strength was obtained using a vaue reported by Staghler34, of
WPAFB, OH, for unidirectional [0] S5N4-BN fibrous monolith materid with 85% SsN ..
which was 495 MPa. This vaue was adjusted to account for the percent of pliesin the
loading direction in the materids tested in this study which had aply lay-up of [-45/0/+45]s
by assuming that there was no contribution of the 45° plies to the strength. The reported
value was dso adjusted for the difference in the volume fraction of the S;N,4 phase. The
materids tested in this sudy had a volume fraction of SsN, of 75%.

The cdculationwas asfollows:

2 plies/ 6 plieshad a0° orientation in the materid tested in thisstudy @ 33%

Since Staehler® reported a volume fraction of SN, of 85%:
volumefraction adjust was ® 75% / 85%

Thus the strength prediction using the reported vaueis

0.33x (0.75/ 0.85) x 495 MPa » 144 MPa

The same dtrategy was used for the reported value of strength in unidirectiond
materia with a80% volume fraction of SN, by ACR., Inc.®

0.33x (0.75/0.80) x 379 MPa 117 MPa
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APPENDIX C
PREDICTION OF STRENGTH FOR Si;Ns,-BN FM FROM NEAT DATA
A rough estimate of strength was obtained using a vaue reported in the literature for
monoalithic S5N4* by assuming that there is no contribution of the 45° plies and no
contribution of the BN to the tengle strength. For the FM materids tested in this study the
total fraction of SkN4 was gpproximately 75%, but only two plies of composite had cellsin
the uniaxia direction due to the [-45/0/+45]s lay-up.
2 plies/ 6 plies= 33%

Since thetotd fraction of SN, in the composte is 75%:

0.33x0.75 =0.25

Therefore the fraction of the SsN4 cdlsin the loading direction (by volume) is
approximately 25%. Therefore, the strength is estimated to be:

0.25 x 504 MPa 5 126 MPa
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APPENDIX D
HYPOTHES STEST OF VARIABILITY
To veify that there is no significant difference in the unnotched tensile strength generated
for the FM materids with the 125 um and the 250 um cdlls, respectively, a hypothesistest
of variance was performed™>". Assumptions made include that the sample teken is

representative of the population and that the population follows anorma distribution.

FM 125 um cells (1): s; = 113, std dev. (Sq1) = 13, number of samples (ny) =4
FM 250 um cdls (2): S, = 126, std dev. (Sy2) = 4, number of samples (np) = 4

Null hypothess. HO: pul=p2
Alternate Hypothess H1: pl<p2

Sp= SQRT [ ((M-1)* (Su)* + (- 1)* (Sww)® )/ (nu+1p-2) ]~ 9.617
toaigic: th= (- )/Sp* SQRT [ (U m) + (U )] ~-1.911
degrees of freedom: (L +np-2) =6
using a 95% confidence interva: t(0.05,v) = 1.943 (table look up)
ty< -t(0.05,v) 2 NO

Conclusion: Accept HO, rgect H1. No difference in strength between two materials.
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APPENDIX E

NOTCH S ZE EFFECT PREDICTION FOR NEAT SisN, USING LEFM

Ko=s@r. F(a/W)
Where g istaken a failure and & astheinitid notch length
5 T T T T T T I/ T I T T T T T T T T T T T T ]
/
4 / ]
/

/ P =failure load -> s for K _ ]

23 / Q Q
< /
A
2 :
—

1

<— Linear-elastic behavior to failure

0
0.00 0.01 0.02 0.03 0.04 0.05

CMOD (mm)

F(a/W) used was found using constants developed by John and Rigling36 for the MSE(T)
Specimen geometry

6
F=11215+35 A (@W)
i=1
(1-alw)¥2
Where
2 .
A =  Bj [log(HW)]
i=0
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APPENDIX E (con't)

And Bi j=
i i=0 i=1 j=2
1 -1.6071e+00 -2.5295e-01 1.4856e-01
2 -4.0053e+00 1.9198e+01 -8.7311e+00
3 1.1513e+01 -5.0147e+01 2.1296e+01
4 -5.8413e+00 3.0109e+01 3.8125e+00
5 -4.6316e+00 1.4478e+01 -3.7584e+01
6 3.4420e+00 -1.3352e+01 2.1050e+01

For a/W of 0.3 and average failureload of  2.05 kN, F was found to be 5 1.377 and Kq
» 1.9 MPavm.

For an average Kq= 7.9 M Pa, the prediction for gpplied stress versus a,/\W was found by

vayinga, from a/W 0.2 to 0.9 through equation:

s=(7.9)/ (13776
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APPENDIX F

NOTCH S ZE EFFECT PREDICTION FOR Si3Ns-BN FM USING LEFM

Ko=s@n. FaWw)

Where g istaken at 1) the onset of non-linearity usng & astheinitid notch length

10 T T T T T T T T T T T T T T T T T T T 50
s — e CMOD ]
© r (1)PQ-2kN > AEEvents
o 8 1 40
= i >
= i =
T 6 430
= . <
o 1 g
U — —
2 . O
= 4 {20 ¢
S ] 2
z ]
< 2 4 10
© -
IS i
(@)
9 i

0 | 1 1 1 0

0.00 0.01 0.02 0.03 0.04 0.05

CMOD (mm)

F(alW) used was found using constants devel oped by John and Rigling™ for the
MSE(T) specimen geometry
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F=11215+3§ A (@W)’

Where

APPENDIX F (con't)

6

=1

(1_31\/\/)3/2

A; = & B;j [log(HW)]

And Bi j=

i i=0 i=1 j=2

1 -1.6071e+00 -2.5295e-01 1.4856e-01

2 -4.0053e+00 1.9198e+01 -8.7311e+00
3 1.1513e+01 -5.0147e+01 2.1296e+01

4 -5.8413e+00 3.0109e+01 3.8125e+00

5 -4.6316e+00 1.4478e+01 -3.7584e+01
6 3.4420e+00 -1.3352e+01 2.1050e+01

(1) For a/W of 0.3 and average load at the onset of non-linearity (at first AE event) of » 2.0

kN, F was found to be 5, 1.381 and Kq » 7 MPavm.

For Kqand F, the prediction for applied stress versus a/W was found by varyinga, from ay/W
0.2 to 0.9 through equation:

s = (Kq) / (FG)
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APPENDIX G

CALCULATION OF FRACTURE ENERGY

Equations used by Kovar and Thouless'®** % “for calculating the energy absorbed in
flexure due to crack areaformation (Wc) and the absorbed energy dueto frictiond diding
(Ws) were used to estimate a difference in absorbed energy between the two fibrous
monolith materids tested in tension in this sudy. The equations

(1) W(; = W|_ + Wi

=GAL + GA

(@ Ws=ndits
(3 Totd energy = W + Ws

W, = absorbed energy from cracking cells

W, = absorbed from cracking in the cell boundaries

@G = fracture resistance of the cdlls

G = fracture resstance of the cell boundaries

AL =thecdl area

Ai=theinterfacid area

W = absorbed energy dueto frictiona diding

n = the number of cdl dipping

d= the distance dipped

ts= thefrictiona diding resstance for cracked cell boundaries

Vduesforg , G, d, and tsfor SsN4-BN materids using flexure techniques asfound in the
literature were used.
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APPENDIX G (con't)

G =120 JIm2
G=30Jm2

d=2mm

ts= 0.3 MPa.

Vduesfor WC and WS for absorbed energy was made using specimen dimensons tested
inthisstudy. Assumptions:
1.) energy absorbed is dueto cdl bundle cracking and diding
2.) energy absorbed is solely due to fracture of the 0° plies
3.) cdl bundles can effectively be modeed as rectangles where the widths
are 1 and 2 mm, respectively, for the two respective materials and the heights
are equd to the ply thickness in each case which are dl touching.

—

=

...... 19 cell bundles (2-1 mm strand FM materid)

........ 9.5 cell bundles (2-2 mm srand FM materid)
Sincethere are 2 out of 6 plies oriented in the 0° or loading direction, thickness of one ply:
=292 mm/ 6 plies= 0.4867 mm for (2-1 mm materid)
=4.35 mm/ 6 plies= 0.725 mm for (2-2 mm materid)

Therefore,
cell bundle area, A, (2-1mm) = 2[ 19 (Imm * 0.4867mm) ] = 18.49 mmn’

cdl bundle area, A_ (2-2mm) = 2[ 19 (2mm * 0.0.725mm) | = 27.55 mm?
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APPENDIX G (con't)

Since the area fraction of the BN phase in the material was found to be 25%:
cdll bundle boundary area, A (2-1mm) = 0.25 A, = 4.62 mm?

cdl bundle boundary area, A (2-2mm) = 0.25 A, = 6.89 mn’

We (2-1mm) = [120 In? * (18.49e-6 nT -4.62e-6 n¥)] + [30 InT * (4.62e-6 nT)]
= 0.001803 J

Wc (2-2mm) = [120 In? * (27.55e-6 nT -6.89e-6 n¥)] + [30 InT * (6.89e-6 nT)]
= 0.0026859 J

The vaue for Ws was caculated for each materid usng:
n(2-1mm)=2* 19=38
and
n(2-2mm)=2*95=19

and the values given eaxrlier.
Ws (2-1mm) = 38 * 0.002m * 0.00462 n¥ * 0.30 MPa = 0.00010534 J
Ws (2-2mm) = 19 * 0.002m * 0.00689 n¥ * 0.30 MPa = 0.00007855 J
Tota absorbed energy (2-1mm) =W + Ws
=0.001803 J + 0.00010534 J
=0.001908 J
Tota absorbed energy (2-2mm) =W + Ws
=0.0026859 J + 0.00007855 J
=0.002765 J

The ratio of the values were found:

We + Ws (2'1 mm) =0.001908
Wc+ Ws(2-2mm)  0.002765

=0.69@® [(0.69*-1) + 1]*100 = 31%
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This shows that absorbed energy in the materid with the larger cdll bundles absorbs
gpproximately 31% more energy using thisandyss.
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